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The use of electromagnetic (EM) waves to transmit information has allowed our society
to collaborate and share information on a scale that was unimaginable just a few decades
ago. But as with any technology, there are areas where EM-based communications do not
function well. For example, underwater and underground communications where EM waves
experience high attenuation. This limitation has generated interest in an alternative mode
of information transmission, molecular communications.
In this thesis, after giving a survey of micro- and macro-scale molecular communica-
tions, the two most important aspects of molecular communications are identified: macro-
scale molecular communications and the experimental analysis of molecular communica-
tions. Molecular communication has been dominated so far by interest in the nano-scale,
where the application focus is on drug-delivery and DNA communications, etc. Studies in
the macro-scale are relatively rare compared to nano- and micro-scale research. This thesis
looks closely at macro-scale molecular communication and attempts to improve our under-
standing of this novel communication paradigm. To achieve this, a mathematical model was
developed, based on the advective-diffusion equation (ADE). The model was compared with
experimental results, and showed a strong correlation. In addition, a model was developed
to simulate molecular communication in both 1D and 3D environments.
To generate the modulated chemicals and transmit them in the environment, an in-
house-built odour generator was used, and to detect the chemicals in the environment a
mass spectrometer (MS) with a quadrupole mass analyser (QMA) was employed. Mass
spectrometers have the ability to distinguish multiple chemicals in the environment con-
currently, making them ideal detectors for use in molecular communications. Based on the
experimental setup, various aspects of the communication paradigm are investigated in the
three main sections. The first section focuses on the fundamental parameters that govern
the propagation of molecules in a flow. The second section delves into the communication
properties of this new form of information transfer. The final section studies aspects of si-
multaneous multiple-chemical transmission. Based on this multiple-chemical transmission,
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The following notations and abbreviations are found throughout this thesis:
Constants Definitions Units Chapters
π Circle’s circumference to diameter ratio — 2,4
cl Speed of light in a vacuum m/s 2
kB Boltzmann’s constant J/K 2
e Electric charge of an electron Coulombs 3
Constants Definitions Units Chapters
βO (·) Signal energy (open-transmission) Watts 5
βC (·) Signal energy (closed-transmission) Watts 5
Γ (·) State array — 4
ΓS State duration s 4
Γu Mathieu umbrella term — 3
∆ Change of changeable quantity — 2
δ (·) Dirac delta function — 2,4
η Dynamic viscosity of a fluid N · s/m2 2
θi Angular position of random walk rad 2
θA (·) Captured mass function kg 4, 5
θE (·) Particles in the environment kg 4
θISI (·) Leftover particles in the detector kg 4
θ1 (·) Mass absorption function kg 4
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T he need to convey messages has always been an important aspect of our society andthe ability to send information across vast distances has allowed our cities to grow,our connections to widen and turned our civilisation into a global entity. Nowadays,
communication systems provide a constant information access through the use of Electro-
magnetic (EM) signals. Even though, the benefits brought by EM are too numerous to count,
there are still environments where the communication may not be reliable or even feasible.
Examples of environments hostile towards EM waves are pipelines, tunnels or salt-water
environments. The uneven salinity of the water can make connection unpredictable and the
pipelines can absorb the energy of the waves, causing high attenuation. The drawbacks of
EM are not limited in macro-scale (cm−m), as limitations also exist in small scales, espe-
cially in the micro-scale (nm−µm) where EM is physically limited due to the ratio of the
antenna size to the wavelength of the EM signal [6].
An approach that shows promise in overcoming the problems EM faces in both scales is
the use of molecular communications. Molecular communications is an approach to trans-
mit information where the transmitter releases to the environment particles (i.e., molecules,
gas, pheromones etc.) that are encoded with information and are propagated through the
environment until it is detected by a receiver. A diagram that represents a molecular com-
munications process can be seen in Figure 1.1.
Information 
Generation Encoder Propagation Decoder
Information 
Recovery
FIGURE 1.1: Generalised diagram of molecular communication in the macro-scale.
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The applications of molecular communication in the macro-scale can be realised in fields
such as robotics and infrastructure monitoring (e.g., pipes). It has been proposed that molec-
ular communications can be used as a communication link for monitoring confined environ-
ments when the environment cannot act as a waveguide for EM1. For robotics, molecular
communication has been proposed to be used for distress signalling by defective robots 2
and for chemical trails for robot guidance 3. There molecular communications can also ben-
efit in environments where search and rescue operations can be harsh to EM waves and in
infrastructure monitoring the same can be said of the pipelines in buildings that need to be
monitored.
Nature, unlike our society, prefers the use of molecular communication over EM com-
munication. Various examples can be seen in the animal kingdom, where communication
is via the use of pheromones between the same species to convey information. The use of
molecular communication is not bounded to macro-scale as the use of chemical communi-
cation can also be observed in bacteria, especially in quorum sensing4. Quorum sensing is a
bacteria-to-bacteria chemical communication mechanism whereby bacteria share informa-
tion it gathers (e.g., chemical concentration) and shares this information with surrounding
bacteria5. Another benefit of using molecular commmunication over EM is its energy effi-
ciency in the propagation of the chemical, where under some circumstances (i.e., diffusion),
the system can be completely independent from external energy sources. The scale in which
it can operate and its ability to be energy independent makes molecular communication a
possible alternative to EM for harsh environments.
However, there are drawbacks to this novel communication paradigm. The biggest one
being the propagation speed and the maximum achievable throughput. The low speed also
increases the diffusion time, which decreases the signal amplitude, and generates more er-
rors in the communication system. The system, therefore, may not be suitable for long range
communication and EM is the better alternative.
Due to the potential of molecular communication at the micro-scale (i.e., drug delivery,
in-vivo communication), research efforts have predominantly been focused on understand-
ing the underlying principles of micro-scale molecular communication, leaving the macro-
scale communication, ranging from cm to meters, mostly uninvestigated. Hence, there are
still many problems needed to be solved and principles to be understood in the large-scale
counterpart of molecular communication. In addition, while the mathematical definitions
are well defined for micro-scale, macro-scale has different dominant aspects (i.e., advec-
tion, dimensional diffusivity) that change the behaviour of the communication. Micro-scale
1Qiu, S., Guo, W., Wang, S., Farsad, N., and Eckford, A. A molecular communications link for monitoring in
confined environments in 2014 IEEE International Conference on Communications Workshops (ICC) IEEE, 2014
2Purnamadjaja AH, Russell RA. "Pheromone Communication in a Robot Swarm: Necrophoric Bee Behaviour
and its Replication" Robotica vol. 23 pp. 731-–742
3Sousa P, Marques L, De Almeida A Toward chemical-trail following robots. In, Seventh International Con-
ference on Machine Learning and Applications (ICMLA08). pp. 489–494. doi: 10.1109/ICMLA.2008.133
4B. L. Bassler, “How Bacteria Talk to Each Other: Regulation of Gene Expression by Quorum Sensing” Current
Opinion in Microbiology, vol. 2, no. 6, pp. 582–587, 1999, doi:10.1016/S1369-5274(99)00025-9.
5Tissera, P. S. S., and S. Choe. "Brownian-motion-based molecular communication network using quorum
sensing mechanism" in International Conference on Information and Communication Technology Convergence
(ICTC) IEEE, 2017, doi:10.1109/ICTC.2017.8190938.



















FIGURE 1.2: Diagram showing the various aspects of molecular communication.
communication, due to its scale, relies on diffusion to transmit the particles. In describing
the diffusion element, it is generally modelled as Brownian motion (i.e., random walk) and
is unbiased towards any dimension where the diffusion action takes place. In macro-scale,
however, diffusion alone is not sufficient to carry out reliable transmission. Therefore, ad-
vection element is required. The presence of the advection element changes the behaviour
of the diffusive element as diffusion in which advection takes place (i.e., transverse) is sig-
nificantly higher than dimensions perpendicular to the advection (i.e., radial). Therefore,
the study presented in this thesis approaches molecular communications with a heavy em-
phasis on understanding the principles of macro-scale communication. The research plan
of the study can be categorised into two major aspects. The first aspect of the study is to
establish a mathematical model that is able to accurately correlate with experimental data
and to be able to predict the communication with different parameters. The second major
aspect is the emphasis of experimental study of macro-scale molecular communication. As
mentioned previously, molecular communication is currently a research field dominated by
theoretical studies, with only a few experimental test beds designed. Therefore, this study
is heavily focused on the experimental analysis of macro-scale molecular communications.
1.2 Contributions
The contributions of the thesis are as follows;
• Review on Molecular Communications: A literature survey on the topic of molecular
communication was carried out focusing on the numerous topics of communication
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properties: modulation, channel capacity, error correction, propagation methodolo-
gies etc. Additional research was undertaken regarding the simulation frameworks
designed to study the various aspects and scales of molecular communication, as well
as the application prospect of this novel communication method.
A diagram showing the various aspects of molecular communication given in the sur-
vey is presented in Figure 1.2.
• Simulation Framework [8–10]: To analyse the communication system and gener-
ate accurate predictions of macro-scale molecular communication behaviour, a simu-
lation framework was developed based on the Advection-Diffusion Equation (ADE).
The developed simulation was used to describe the numerous aspects of molecular
communication in 3D macro-scale environments.
• Parameter analysis of Molecular Communications [8]: Macro-scale molecular com-
munication is still in its infancy compared to micro-scale molecular communication.
The parameters that govern the macro-scale molecular communication were analysed.
These include, the signal flow, carrier flow and the bit duration. To further increase
understanding a mathematical model of molecular communication propagation is de-
veloped and compared with experimental results.
• Distance Analysis of Molecular Communications [9]: Unlike signal flow, carrier
flow and bit duration, distance plays a significantly different role due to the method of
propagation. Based on the communication in question, there are two types of commu-
nication medium; open space (i.e., no boundary) and closed space (i.e., boundary).
Experiments were done to analyse both communication mediums and mathematical
models were developed to explain these effects.
• Modulation Analysis [10]: An important aspect of any communication method is
its ability to convey information, making modulation an essential part of molecular
communication. Based on traditional modulation methods for EM transmission, ex-
periments were analysed on MC -ary modulation and its Symbol Error Rate (SER) with
different levels of modulation (MC = 2, MC = 4, MC = 8). In addition, experimental
analysis was carried out on the leftover chemicals lingering in the medium to better un-
derstand the effect of inter-symbol interference (ISI) on the communication and based
on experimental studies, mathematical descriptions were derived to explain and pre-
dict the residual chemicals in the channel. The channel where the transmission occurs
is described and mutual information (MI) of the communication is measured. Theo-
retical comparisons for SER, MI and symbol distribution are carried out for four key
parameters in molecular communication: advection, distance, coefficient of diffusivity
and symbol period.
• Multi-Chemical Analysis of Molecular Communications: One of the defining as-
pects of molecular communication, and its possible advantage over EM-based commu-
nications, is its use of chemical species to convey information. This prospect opens up
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new possibilities of increasing the throughput of the communication. To understand
this behaviour and to increase the throughput, experimental studies were carried out.
Noise caused by multiple chemical species present in the transmission medium is in-
vestigated also. Finally, modulation methods were developed to take advantage of the
multi-channel transmission by mathematically defining the four modulation methods.
1.3 Organisation of the Thesis
The organisation of the thesis is as follows;
• Chapter 2 presents an overview of numerous aspects of molecular communication.
These includes the differences of approach for two types of molecular communications
scale; micro (nm - µm) and macro scale (cm - m). The proposed propagation methods
used in the literature are reviewed in addition to other aspects of the communications
paradigm. These include; modulation methods, ISI mitigation techniques, error cor-
rection, simulation frameworks, proposed applications and possible standardisations.
• Chapter 3 focuses on the experimental approach of macro-scale molecular communi-
cation. The approach to the problem is described and a detailed description of the
various parts of the experimental setup is given. A section is also dedicated to the
theory of the detector used in the experiments: quadrupole mass analyser (QMA).
• Chapter 4 is the main mathematical chapter of the thesis where the model used in
Chapters 5, 6 and 7 is described. To model the communication system a modified
version of the mass transport equation, Advective-Diffusion Equation (ADE) is used as
the basis.
• Chapter 5 analyses different types of parameters and their effect on the signal. These
are: signal flow, carrier flow and bit duration. In addition, two types of distances were
studied: open distance and closed distance. All the aforementioned parameters are
then compared to the model described in Chapter 4.
• Chapter 6 emphasises the communication characteristics of the novel communication
paradigm. These include analysis of MC -ary modulation and ISI, based on empiri-
cal data obtained from experiments and linked to mathematical theory. A theoretical
analysis of SER, achievable MI and symbol distribution for four key parameters were
analysed. These are: transmission distance, advective flow, coefficient of diffusivity
and symbol period. An experimental transmission of a message is conducted and com-
pared with the theoretical model presented in Chapter 4.
• Chapter 7 experiments on multiple chemical transmissions. A proof-of-concept trans-
mission was carried out with multiple chemicals along with noise analysis. Trans-
mission of multiple chemicals opens up new possibilities and, to exploit these, new
modulation methods were developed and experimented upon.
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• Chapter 8 discusses the implications of the studies done in the thesis and proposes
future-work related to the topic.
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Background and Related Work
2.1 Introduction
S ending information from one point to another is a well-established concept. Theuse of mobile phones and the internet have shown the importance of informationtransmission, and this is currently achieved via the utilisation of electromagnetic
(EM) waves. Even though the achievements are numerous, there are shortcomings, for
which alternative methods of communications can be utilised.
In nature the transmission of information can happen at the macro-scale, where com-
munication can be achieved by using both chemical and EM, and at micro-scale, where com-
munication is mostly done chemically. Commercial communication technologies rely on EM
waves ranging from radio to optical bands. However, there are problems that conventional
EM communications face (electromagnetic-interference (EMI), crosstalk etc.), where alter-
native approaches could be utilised, which do not suffer from the mentioned hindrances. An
example of EM-harsh environments could be the use of EM waves in closed environments
(e.g., tunnels, pipelines) or in aqueous environments, where the signal attenuation can be
very high [11–13]. In water, EM waves do not travel as effectively as they would do in air.
The signal experiences a high propagation delay and if the travelling medium has additional
chemicals present (salt, minerals etc.), the conductivity of the medium is changed. This can
add to the already high attenuation and increase the complexity of modelling the system
[13]. There have been alternative techniques studied to overcome this problem. One of
them being acoustic communications (AC): sending information using sound waves. The
fundamental difference between AC and EM is the former uses pressure waves as the infor-
mation carrier and the latter uses EM waves. AC is utilised in many ways in nature, such as
in invertebrates and fish [14, 15]. It is primarily used in underwater communication where
EM communications suffer from high diffraction loss; however, compared to EM, AC has low
data rates and has problems such as multi-path propagation, time variations of the channel,
small available bandwidth and high signal attenuation over long distances [16]. An alter-
native example would be the use of EM communication in nano-scale applications. At these
scales, it is possible to produce nano-scale antennas for high-frequency communications.
However, the complexity of the transceiver design, and the integration of the antennas to
9
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nano-machines, still remain substantial engineering problems. Even if the integration were
possible, the output power of the transceiver would not be powerful enough to establish a
bidirectional communication channel [17, 18]. In addition, the ratio of antenna size to the
EM wave also poses a major problem [6, 19]. Optical communication would also not be
efficient, since it either requires a guided medium (i.e., an optical fiber) or a line-of-sight
(i.e., free-space optical communications [20]). The handicaps of using EM communication
can be summed up as [12]:
• Ratio of the antenna size to the wavelength
• High absorption losses of EM waves
• Propagation difficulties without using waveguides
• Limitations caused by spectrum availability
kmmmm𝜇mnm (A) (B) (C) (D)
FIGURE 2.1: Diagram of the scale of molecular communications. (A) At the smaller scales of com-
munication DNA is used to store information to pass it on to the next generation. (B) In blood
vessels hormones and other signal chemicals are transmitted to maintain a living organism. (C)
Large creatures use pheromones to locate mating partners across long distances (D) Mass transport
can also be seen on a global scale such as the Gulf stream.
In order to overcome these problems an alternative communication paradigm can be
used. Instead of using EM waves to send information, chemicals signals can be employed.
This type of transmission is called molecular communication [11]. In harsh environments,
where the path loss is very high for EM waves, chemical signals may prove more reliable
[12, 21]. In molecular communication, a transmitter releases information particles (e.g.,
proteins, molecules) into an aqueous or a gaseous medium, where the particles can prop-
agate using either passive (diffusion) or active transport (advection). The receiver then
decodes the information particles based on predefined communication protocols [22].
In nature, the use of molecular communication can be seen in various events. At ranges of
micro-scale (nm to µm), chemical signals are used for inter-cellular communications [23].
Whereas in macro-scale (cm to m), pheromones are used for long-range communications
between the same species [24]. However, in nature the transmission of pheromones is nor-
mally used to send limited determined messages. The engineering prospect of sending re-
liable data by using molecules is the main challenge of this communication paradigm [25].
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In Table (2.1), page 15, the three types of communication mentioned in the introduction
are compared. A scale which molecular communication can be achieved can be seen in Fig-
ure 2.1. Since molecular communication relies on particles (i.e., molecules, pheromones)
to transmit information, there are scales where this is already achieved; from small scales
such as DNA replication (i.e., semiconservative replication) to grand scales such as migratory
patterns [26].
2.1.1 Research History
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FIGURE 2.2: The significant points of molecular communications development.
While the concept of chemicals as a means of communication in the biological domain
existed in some form for over a billion years, the use of molecular communication in engi-
neering terms was first described by T. Nakano, et. al in 2005 [27]. This work proposed a
method for nanomachines to communicate using signalling network (i.e., calcium signalling)
in an aqueous environment and designed a simple network with an encoder and a decoder.
As it mostly focused on a biological environment, molecular communication evolved and
improved with the concept of biocompability in mind. Following this work, different aspects
of molecular communications were studied. One of the first aspects studied were the chan-
nel itself. In a biological environment, the channel is generally an aqueous environment.
A. W. Eckford in 2007 presented a channel capacity analysis with Brownian motion [25].
While this study was done in an idealised environment, following works started to fill in the
spaces.
These works mentioned previously have all been done under micro-scale, where the
communication range happens from nm to µm. However, as there are animals that can
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communicate in distance up to kms, possibility exist where communication can be estab-
lished using chemicals in engineering terms. One of the first papers to create a definition of
macro-scale molecular communication was presented by I. F. Akyıldız et. al in 2008 [18].
While this paper focused mostly on nano communications a substantial amount of work was
describing a system of pheromonal molecular communication.
Along with the channel analysis, modulation analysis was carried out for micro-scale
molecular communication by M. U. Mahfuz et. al. in 2010 [21], where on-off keying was
introduced and studied. As more and more aspects of molecular communications were be-
ing scrutinised, simulation analysis was starting to appear with a study conducted by E. Gul
et. al. being one of the firsts [28]. The study implemented an already established network
simulator NS-2 for use in micro-scale molecular communications. Error correction analy-
sis soon followed with a study implementing already established principles for molecular
communications with a work published by M. S. Leeson et. al. in 2012 [29].
Aforementioned works have all been theoretical. As micro-scale would entail the im-
plementation of sensor and detector relative to the size of a red-blood cell, work has been
carried out theoretically. However, macro-scale work in human scale (cm-km) and there-
fore sensors and detectors already present can be used to design an experimental platform
to study the communication paradigm. The first "proof-of-concept" experimental study of
molecular communication in macro-scale was carried out by N. Farsad et. al. in 2013.
The proposed system uses a modified spray and an off-the-counter MQ3 spray to initiate
a transmission. Following these culmination of the previous work a comprehensive survey
was published by N. Farsad in 2016 [22]. This body of work presented an overview of the
work carried on molecular communication with more emphasis on the micro-scale commu-
nication with respect to theory and applications. All the experimental research up-to now
has been focused on a single input single output system and in 2016 the first experimental
study in multi-input multi output system is conducted [252]. It has shown that molecular
communication performance can be expanded via the use of MIMO. As experimental ap-
proach to study macro-scale gained tracktion, different receivers were tested. One being
mass spectrometer where in 2017 it was used to test long range molecular communication
by transmitting different chemicals as information concurrently [45]. Mass spectrometers,
unlike a MQ3 sensors, are capable of distinguishing numerous chemicals concurrently and
shown to be viable receivers for use in macro-scale applications. As more experiments starts
to surface, the need to standardise the procedures also becomes a problem which was ad-
dressed in [327]. In this work a procedure was described to increase readability across many
scientists by creating a standard for experimentation.
These receivers mentioned shown to be viable for use in large scales but one of the big
push in studying molecular communication is its bio-compability and its possible use in in-
vivo applications. A study conducted in 2018 shown a system where the bacteria is used in
molecular communication[261]. By giving specific light pulses the chemical concentration
generated by the bacterica can be changed and this can be received by a pH sensor. While
this system is a proof-of-concept, it has shown the possibility for using organisms as a means
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of information transfer. A recent study was done in 2019 to analyse both experimentally and
theoretically the modulation properties of macro-scale molecular communications [10].
2.1.2 Micro-Scale Molecular Communication
The use of molecules to transmit information on the micro-scale has been employed, being
perfected in each iteration, by evolutionary processes such as protein creation and DNA
replication [30] in a cell. In addition, being bio-compatible makes it a perfect choice for use
in medical applications, and if transmission is solely by diffusion, the system does not require
any energy from an external source. The transmission can also be made using active methods
such as advection-diffusion (i.e., convection) [31], which will be discussed in section 2.5.2
in detail. A diagram of the biological application, DNA, can be seen in Figure 2.3 and a
paper published in 2018 has developed a protocol where information is encoded with DNA
strands for use in nanomachines [2].
FIGURE 2.3: Deoxyribonucleic acid (DNA) is used in biological systems to store genetic information.
The prospect of storing and accessing information on a small and dense scale shows the possibility of
implementing information transmission and storage on small scales [1]. An engineering approach
to use DNA in molecular communication is to use it as a protocol between nanomachines [2].
2.1.3 Macro-Scale Molecular Communication
The possibility of molecular communications at the macro-scale was first described in [32],
where macro-scale is defined as a communication system with a transmission distance of a
“few cm and more” [32]. Similar to the micro-scale, nature has been utilising the macro-
scale for a long time. The application of pheromones [24] can be given as an example and a
representation of this application can be seen in Figure 2.4. In addition, the use of chemicals
to deter predators, to define locations can be given as further examples. Even though in
principle the mechanics of the macro-scale are similar to the micro-scale, the problems that
have to be overcome are different.
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FIGURE 2.4: Molecular communication can also be seen on the macro-scale. In moths, calling fe-
males attract their mates late at night with intermittent release of a species-specific sex-pheromone
blend [3]. [Photo: Male Gypsy Moth, Credit: Ilona L/Flickr]
2.2 Review Structure
The structure of the review is as follows. In Section 2.1, the topic is introduced. The his-
torical development of molecular communication is presented in Section 2.2. Section 2.3
focuses on the channel theory of molecular communications. Propagation is further anal-
ysed based on how it is accomplished: diffusion or advection-diffusion in Section 2.5. In
Section 2.6, types of modulation that were developed for the field are discussed along with
the inter-symbol interference (ISI) and error-correction methods in Section 2.7 and Section
2.8, respectively. Section 2.10 discusses the reception process in molecular communications
based on the scale of the communication. In Section 2.11, various experiments done in
molecular communication are reviewed. This is then followed by the application of this new
communication paradigm in Section 2.12. Section 2.13 is the review of numerous simula-
tion platforms used in the study of molecular communication and Section 2.14 focuses on
the standardisation effort of the communication method. The review concludes with Section
2.15.
2.3 Channel Theory
Information theory provides an invaluable insight into the workings of a communication
system [82] and this also holds true with molecular communication, where the application
of information theory is relatively new and has recently become a research interest [83].
One of the most important aspects of this field is the application of channel modelling. A
generalised block diagram that represents a channel can be seen in Figure 2.5.
In a physical sense, a communication channel can be described as the environment in
which the signal travels (i.e., air, space, water, etc.).



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FIGURE 2.5: Diagram of a generalised communication system.
In a mathematical sense, the channel is a function that bridges the information definition
between input and output. In theory, the transmitted signal (X ) and the received signal (Y )
can be the same. This would be called a noiseless channel. In a practical sense though, there
are uncertainties that arise from the environmental noise, interferences from other devices
(e.g., EMI) or worse, interference from itself (i.e., ISI). In molecular communication, the
noise can be caused by the detector, diffusion of the messenger chemicals, particle collisions
etc. This can cause a problem when estimating the channel for a reliable communication
[84]. As any communication needs an environment to send information, no transmission
method is immune from disturbances [85] and these limitations impose a tight upper bound
on the amount of information that can be reliably transmitted. This is also known as the
channel capacity (C). This limitation is shown in Shannon’s channel capacity of a commu-








where S is the signal power (W ) and the N0 is the power of the noise (W ). However, in
molecular communication, there are ways in which the effect of noise can be diminished as
some propagation methods produce less variance (e.g., advection) compared to others (e.g.,
diffusion).
In a noisy system, the channel capacity plays a prominent role in modelling the commu-
nication [82]. For a discrete memory-less channel, where the received signal is independent
of all the previous transmitted symbols, the achievable mutual information rate can be cal-
culated from PX Y (x , y), PX (x) and PY (y) in Eq. (2.2) [83, 85] :
I(X ; Y ) =
∑
x ,y
PX Y (x , y) log





where I(X ; Y ) is the mutual information, PX Y (x , y) is the joint probability distribution and
X and Y are two discrete variables. If the transmission possesses no memory effect, the
capacity of the channel can be written as [82, 85] :
C ¬max
p(x)
I(X ; Y ). (2.3)
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TABLE 2.2: Speed comparison examples between micro-scale and macro-scale molecular communi-
cation methods.
Macro-Scale Molecular Communication
Example Chemical Speed Reference
Morphogen EGF 1 · 10−7 cm2/s [104]
Airstream Bombykol 0.6 m/s [105]
Hormonal Signalling TSH 5 cm/s [56]
Neural Signalling Active Potential 10-100 m/s [23]
Southern Ocean Particles 1 · 104 m2/s [106]
Cyclone Olivia Particles 408 km/h [107]
The Great Red Spot Particles 618 km/h [108]
Micro-Scale Molecular Communication
Example Chemical Speed Reference
Vesicular trafficking Proteins 1 µm/s [53, 109, 110]
Bacterial Migration DNA 10-20 µm/s [54, 111]
Calcium Signalling Ca+2 Wave 10-30 µm/s [112, 113]
Chemotactic Signalling Protein 1-10 µm2/s [114]
Membrane Diffusion DPPE (lipid) 11.58 m2/s [115]
Molecular Motors Kinesin 6400 Å/s [116]
However, if memory begins to play an effective role, the mathematical expression for the






I(X n; Y n). (2.4)
For a discrete memory-less channel the channel capacity can be calculated using special
algorithms if p(y|x) is known beforehand. [82, 87, 88]. However, as will be mentioned
in the ISI section, molecular communication shows memory effects, and this changes the
calculation method considerably [89].
The channel characteristics of molecular communication have been studied for various
properties. These include channel modelling [90–96], channel capacity [97–99] and noise
[100, 101].
2.4 Propagation Speed
The speed with which the symbols are transmitted from one point to another is an important
factor in any communication system. In a traditional EM-based communication the speed at
which a signal can propagate can reach up to the speed of light (cl = 299,792,458 m/s) in
a perfect vacuum.
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The speed of an EM wave is governed by the refraction index of the medium. For exam-
ple, an EM wave travelling in air has a refractive index of 1.0003 so the speed of propagation
is ∼ 100 %; however, in an aqueous environment such as water the index is 1.33, slowing
the speed of propagation to 75 % of the speed of light. Communication can also be made
with conductive materials such as copper or optical fibre, in which the speed can range from
50 % up to 99 % of cl .
Molecular communication, however, is based on particles instead on waves and there-
fore, due to the principals of special relativity, a transmission speed of cl is not possible. To
transmit particles, the speed can be generated by two methods of propagation. It can be
generated from internal forces (diffusion) or from external forces (advection). A combina-
tion of both these forces can also be utilised in propagation (advection + diffusion). These
methods are discussed in detail in the following section.
2.5 Methods of Propagation
2.5.1 Diffusion
Also known as Brownian motion, diffusion is a process of random particle motion caused by
collisions of other fast-moving atoms or particles in a gaseous or aqueous medium [33, 117].
Even though this process is random by nature, information can be transmitted from one
point to another solely by diffusion. The main advantage of this technique is that the energy
required for propagation is sourced from the thermal energy of the environment, and can be
tapped into without the need for any external energy source. The application of this method
can be observed in numerous biological processes. An example would be the exchange of O2
and CO2 in the lungs. While inhaling, the alveoli are flooded with O2-rich air and are only
separated from the CO2-rich bloodstream by a 1-2 µm of membrane. The close proximity of
the two different concentrations causes the diffusion process. There are other examples of
diffusion in a biological system, such as DNA replication [118], protein production [119],
etc.
Diffusion is a characteristic property of a chemical in a specific environment. As the
temperature increases, the diffusivity also increases, and in an aqueous environment the
diffusion propagation is also slower compared to the gaseous environment. The diffusivity





where kB is Boltzmann’s constant (J/K), TE is the temperature (K), η is the dynamic viscosity
(N · s/ m2) and r is the radius of the sphere (m). For the gas phase the diffusion coefficient
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where m is the mass of the gas (kg), d is the diameter of the gas molecule (m) and PE is the
pressure (Pa). For two different gases (A and B) their diffusivity relative to each other can




















where mA and mB are the molecular masses of gas A and B (kg), dA and dB are the molecular
diameters of gas A and B (m), respectively. However, defining diffusion as one thing that can
be applied to all circumstances may not be correct. There are other types of diffusion that
explain this propagation in different circumstances, which are governed by different math-
ematical concepts and models. A major aspect of diffusion is the environment it is initiated.
For example, diffusion happening through a biological membrane behaves differently to dif-
fusion happening in a turbulent environment. These affect the mathematics used to model
the diffusion. Examples of different types of diffusion can be seen below.
• Anomalous Diffusion [122]: Diffusive behaviour with a non-linear relation to time.
Can be seen in protein diffusion in cells and porous media
• Eddy Diffusion (i.e., Turbulent Diffusion) [123]: Diffusive behaviour caused by
eddy motion. Seen in turbulent environments.
• Facilitated Diffusion [124]: Diffusion caused by spontaneous passive transport. Can
be seen in the transportation of molecules across a biological membrane
• Knudsen Diffusion [125]: Diffusion occurring in porous media where the pore length
is comparable or smaller than the mean free path. This effect is observed in porous
membrane environments.
The speed range of molecular communication can range from µm/s to m/s. In addition,
since propagation can involve flows, the speed can theoretically be increased further. A
comparison of various speeds of molecular communication in nature can be seen in Table
2.2.
2.5.1.1 Stochastic Approach
Diffusion is based on random movements and therefore can be modelled based on its proba-
bilistic behaviour. There have been studies to model this effect, such as using Markov Chains
[126, 127] and Monte Carlo [128]. The diffusion process can be modelled mathematically
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where ∆r is the displacement (m) , both θi and φi represent the 3D angular position and
x , y, z represent the spatial coordinates (m). However, there are other methods in which
diffusion is modelled in the literature.
One way of approaching the problem of random propagation is to model the process
as a stochastic continuous-time problem. This process, known in literature as the Wiener
process, has been used in modelling Brownian motion and, as a reflection, has been utilised
in modelling the propagation for use in molecular communication [101]. Let ς1, ς2, · · · be
independent and identically distributed random variables with an expected value of 0 and







ςk, t ∈ [0, 1], (2.9)
The above equation represents a random step function with each increment of Wn being
independent of one another. For large values of n the stochastic process approaches a normal
distribution of N (0, t) due to the central limit theorem.
Another approach is to apply the Langevin equation [130], which describes the time
evolution of a subset of the degrees of freedom. Based on the equation, the position (pnυ(t))
of a particle n with a mass of m at time t along any of the dimensions (υ) obeys the following







+ fN (t), (2.10)
where fN (t) is the noise present in the environment (i.e., particles present in the environ-
ment). Stochastic approaches of diffusion in molecular communication can be seen in many
studies; such as modelling the complete system of molecular communications [131], noise
analysis in ligand-binding [132] and channel capacity in a fluid medium [133]. Finally, point
process theory was also studied for use in molecular communications [134].
2.5.1.2 Analytical Approach
The second approach to modelling the propagation is to model the system as a partial
differential equation (PDE). The diffusion-only equation, also known as Fick’s 2nd law, which
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where D is the diffusion coefficient (cm2/s) and c is the concentration at a given point in
space (kg/m3). Therefore, the concentration of the molecules is dependent on the spatial
coordinates as well as the time.
The PDE given in Eq. (2.11) can have numerous solutions, based on the boundaries of
the system. One of the minimalist approaches of solving Eq. (2.11) is to solve it at the point
of release of the chemicals (t0). If M0 is the initial number of molecules, or mass, released
from the transmitter at the time t0 then the initial conditions for the molecular concentration
c(x , t) for 1D, also known as the “thin film solution” in the literature, diffusion process can
be expressed as:
c(|x |> 0, t0) = 0, (2.12a)
c(x = 0, t0) = M0δ(x), (2.12b)
c(|x | →∞, t) = 0. (2.12c)
In these equations δ(x) represents the continuous Dirac delta function for a given spatial
dimension (x , y, z) and is defined as [136]:
∫ +∞
−∞
δ(x)d x = 1. (2.13)
By implementing the boundary conditions given in Eq. (2.12) to Eq. (2.11), the PDE
can be solved and the solutions for the each dimension are:
































The derivation of this solution can be seen in Appendix A. There are other ways the dif-
fusion equation can be solved with different initial conditions [119]. The channel response
can be obtained by changing the conditions of the boundary if there is an absorbing receiver
[137]. The capture function of the system can be derived by the integration of the channel
response from the differential equation with a boundary [138]. By calculating the impulse
response differentiation with respect to time, it is possible to calculate the peak concentra-
tion at the peak time [138, 139].
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2.5.2 Advection
Advection is defined as the transportation of material or heat by using the flow of another
fluid [34]. In molecular communications, introducing a velocity element to the propaga-
tion can be mathematically described with two approaches. The former being a stochastic
approach and latter being an analytical approach.
2.5.2.1 Stochastic Approach
An approach to modelling the diffusion with an advection element is to introduce a velocity
vector to random-walk simulations. This process can be modelled by using the Monte Carlo




































As mentioned in the diffusion stochastic process, stochastic differential equations (SDEs)
can also be implemented to model the advective element. A different approach to modelling
is to use the Fokker-Planck (aka. Smoluchowski) equation [140]. This equation describes
the time evolution of the probability density function of the velocity of a particle under the
influence of drag forces (µD(x , t)) (i.e., drift) and random forces (DV (x , t)) (i.e., diffusion)
in space and time. The mathematical equation for the Fokker-Planck is given in Eq. (2.16):
∂ p
∂ t
(x , t) = −µD(x , t)
∂ p
∂ x
(x , t) + DV (x , t)
∂ 2p
∂ x2
(x , t). (2.16)
To solve this ordinary partial differential equation (OPDE), different types of bound-
aries have been proposed that can produce different solutions: such as infinite environment
[141, 142], infinite source [29, 143] or long-term capture [144]. This approach was used
in [144] to analyse macro-scale communications and the aspect of the sensor cleaning from
a theoretical point of view.
2.5.2.2 Analytical Approach
In this approach the system is modelled deterministically. However, to model the propaga-
tion the advection term must be mathematically defined. In this definition of propagation,
some aspects of the transported substances are conserved, such as energy. An example would
be the pollutants in a river or the gas flow through pipelines. The mathematical expression
of advective flow can be seen as [145] :
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where u= (ux , uy , uz) is the velocity field and the∇ is the del operator. The advection equa-




+∇ · (ψu) = 0. (2.18)
With the advection defined, the final approach would be to reintroduce diffusion to this
propagation. Convection is the sum action of both diffusion and advection and mathemat-
ically this phenomenon is modelled using the advection-diffusion equation. This equation
can be derived from the continuity equation given below:
∂ c
∂ t
+∇ · ~j = R, (2.19)
where ~j is the total flux and the R is the source or the sink for the function c. In this system,
there are two flux sources. The former being the diffusive flux from the diffusion of particles




By inserting these equations into the continuity equation the advection-diffusion equa-
tion can be obtained. In the literature this is also known as the convection-diffusion equation














• c is the concentration of mass transfer (kg/m3).
• D is the diffusivity coefficient (i.e., mass diffusivity for particle motion) (m2/s).
• u is the velocity field that the quantity is moving with (m/s). For example, if c is the
salt concentration in a river, u is the velocity of the water flow.
• R is the “sink/source” of the quantity c. In chemical processes, R> 0 means the system
is creating more chemicals (i.e., sources) and R < 0 means the system is destroying
more chemicals (i.e., a sink).
An approach to solve the equation is to change the frame of reference from stationary
coordinates (x , t) to moving coordinates (λx , t). This reference frame can be mathematically
expressed as [149]:
λx = (x − ux t) . (2.22)
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If this frame is inserted into Eq. (2.21)
∂ c
∂ t














































As can be observed Eq. (2.24) this equation is Fick’s 2nd law, with the only difference
being having a moving reference frameλx . By using the same boundary conditions described
in Eq. (2.12), the solution for the equations becomes:










Converting back to the stationary frame of reference, the final equation is obtained and
can be seen in Eq. (2.26a). The 2D and 3D solutions can be seen in Eq. (2.26b) and (2.26c),
respectively.



















































Eq. (2.11c) represents the diffusion of a chemical in a 3D unbounded space. However,
on a macro-scale, the propagation of the chemicals can be made in a bounded domain. This
has benefits over the boundary-less methods. The most important being that by using a
closed system, more chemicals will arrive at the receiver and make it possible to increase
the distance of communication.
For using a bounded communication a cylindrical shape has a few advantages. The most
important one being that because it does not have any corners to act as stress concentrators,
and it helps the fluid flow to be smoother compared to other geometric shapes. The cylin-
drical coordinate representation of the advection-diffusion equation (ADE) can be seen in
Eq. (2.27) [150]:


















where r, θ and z are the cylindrical coordinates, DL is the longitudinal diffusivity (cm
2/s)
and DR is the radial diffusivity (cm
2/s). θ is omitted since it is assumed that the system has
angular symmetry.
The solution for this kind of equation with initial and boundary conditions can be ob-
tained by implementing the Hankel [151] and Laplace Transforms [150]. One such solution
is shown below [150]:









































where r is the radius of the cylindrical system (m), ρr is the radius of the inner injected zone,
φ is the porosity of the material and λn is the Hankel transform parameter determined by




As can be seen, defining boundaries unto the propagation greatly increases the com-
plexity of the analytical solution, relying on different methods for solving the PDE, such as
separation of variables [152] or change of variables [153]. Studies in boundary medium
transmission in molecular communication has seen interest both experimentally [45, 47]
and theoretically [154].
2.5.3 Turbulent Flows
Turbulent flows are caused by the random fluctuations in a flow caused by the chaotic mo-
tions of particles [35]. These movements of particles in the flow are called eddy diffusion,
because of their similarity to molecular diffusion. In molecular diffusion, the random motion
of molecules themselves from the thermal energy from the environment cause the diffusion,
whereas in turbulent diffusion it is the motion of the fluid that causes the propagation [155–
157].
Turbulence is heavily dependent on the bulk flow, as the turbulence only happens if the
flow is above a critical number. This critical number is defined as Reynolds number and
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where ρ is the density of the fluid (kg/m3), u is the velocity of the fluid (kg/m), LD is the
characteristic linear dimension of the environment (m) and η is the dynamic viscosity of
the fluid (Pa · s). Distribution of particles in a turbulent environment is analogous to heat
diffusion in a solid [159]. The equations which explain this phenomenon are similar to
Eq. (2.11) and can be written for spherical coordinates. Modelling the system in spherical
coordinates has the advantage of possessing spherical symmetry. In addition, in nature,
communication using molecules has been done using spherical puffs of particles (i.e. plant-















where K is the coefficient of eddy-diffusion (m2/s), c is the concentration function (kg/m3)
and r is the radius of the transmission (m) with the following identity:
r2 = x2 + y2 + z2. (2.32)
By applying the boundary conditions defined in [160] a solution can be derived:











Turbulence in molecular communications is a new field of study with experimental work
only recently gaining traction to analyse this kind of propagation in macro-scale aqueous
propagation [161, 162].
2.6 Modulation
Particle Quantity Type/Structure of Particle Time of Release
T" T# T$ T" T# T$ T" T# T$
Amplitude Shift Keying Frequency Shift Keying Phase Shift Keying













FIGURE 2.6: Types of modulation methods developed for use in molecular communications: Particle
Quantity, Type and/or Structure of Particle and Time of Release.
Modulation is the process of changing the property of a periodic waveform with a modu-
lating signal that typically contains information to be transmitted. The symbols are encoded
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into the carrier signal properties. In an EM-based communication system, the carrier waves
are sinusoids and can be expressed mathematically as;
s(t) = Aw sin(2π f t +ϕ), (2.34)
where Aw is the wave amplitude, f is the wave frequency (Hz) andϕ is the wave phase (rad).
The amplitude is the peak-to-peak height of the signal, f affects the number of oscillations
that the signal makes in a given second and the phase is the shift the signal makes from the
origin. Based on this, information can be encoded onto a sine wave by using any of the three
properties mentioned above: Amplitude-Shift Keying (ASK), Frequency-Shift Keying (FSK)
and Phase-Shift Keying (PSK). However this is not limited to using only one modulation
scheme and hybrid modulations can be utilised.
Compared to EM-based communication systems, in molecular communication, the in-
formation carriers are particles (i.e. molecules) that are very tiny (range of Å). By using the
EM modulation methods as a basis, the information can be encoded into molecules based
on its following properties.
In this section 2.4, the main modulation methods developed for use in molecular com-
munication will be discussed in detail. In further sections, the ISI and error-correction prop-
erties of different modulation methods will be analysed. Finally, a comparison of all the
modulation methods described in the section can be seen in Table (2.3).
In this review, modulation methods are categorised into four distinct sections.
• Those that primarily utilise particle quantity.
• Those that exploit particle differences for modulation.
• Those that modulate information based on the release times of particles.
• Those that utilise more than a single property for modulation (aka., hybrid).
2.6.1 Particle Quantity
By implementing the quantity of the molecules as the method of modulations, the informa-
tion can be encoded into the quantity of molecules used for transmission. An alternative
approach would be to use a concentration based approach (mol/m3). This could be a better
approach for use in macro-scale because of the scale of communication.
One of the first works carried out on molecular modulation can be traced back to [21].
This paper proposed two different modulation methods for use in diffusion-based propa-
gation channels. The former is analogous to On-Off Keying (OOK) of EM communication
systems where the bit 0 was defined as the concentration level of 0 (Q0 = 0) and the bit 1
was defined as the concentration level of Q (Q1 =Q).
In [163] and [164] two novel modulation methods were discussed for use in diffusion
based propagation channels. The first method was based on the number of molecules arriv-
ing at the receiver below or above a certain threshold (τs). This method was given the term
Concentration Shift Keying (CSK) and is similar to ASK in an EM communication system;
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and the number of bits per transmitted symbol can be increased (Binary CSK 2-bits, Quadru-
ple CSK 4-bits, · · · ). The CSK modulation scheme mentioned is designed for a transmitter
and a receiver with fixed positions. In [165], the CSK modulation/demodulation is anaylsed
when the transmitter and/or the receiver becomes mobile.
2.6.2 Type and/or the structure of Particles
By using the chemical characteristic of the molecules, chemical formulas can be used as in-
dividual symbols for transmission. An example would be the use of acetone ((CH3)2 CO)
to encode the symbol 00 and n-hexane (C6H14) to encode 11. The first proposed modula-
tion discussed in [163] and [164] relies on the chemical difference of messenger molecules
passing a certain threshold (τs). This has been named Molecular Shift Keying (MoSK) and
hydrofluorocarbon based chemicals were given as information carrying molecule examples
(1-florobutane as 00, 1,3 - difluorobutane as 10 etc.). This method can also increase its
transmitted bits in a similar fashion to CSK (Binary MoSK 2-bits, Quadruple MoSK 4-bits,
· · · )
There has also been research done on modulation methods for use in in-body molecular
communication. In [166], it has been proposed to use aldohexose isomers as information
carriers, called isomer based molecular shift keying (I-MoSK). The authors have also stressed
that for the molecular communication to be bio-compatible, harmless compounds should be
chosen as information carriers unlike the hydrofluorocarbons used in [164]. The advantages
of using isomers in a molecular communication system is that isomers have the same type
of atoms, which decreases the complexity of synthesis. Based on isomers, the authors have
considered using isomers in CSK, I-CSK and MoSK, I-MoSK. Another approach would be to
use isotopes which were studied in [167]. In [168] a modulation technique called depleted
MoSK (D-MoSK) was proposed, which requires reduced number of the types of molecules
for encoding compared to MoSk to reduce the complexity on the nano-machines.
A novel approach is to have two chemicals representing (+) and (-) signals which was
studied in [169] where two chemicals are transmitted A and B, respectively, defined as type
based sign (TS) modulation. In addition a variation of this modulation was proposed to
implement it to utilise chemical reactions [170].
2.6.3 Time of Release
Information can be encoded to the time in which the chemicals are either released or received
by the transmitter [25]. An example would be to send Acetone at t = 0s to encode 00 and at
t = 5s to encode 11. However, encoding information into timing can be a challenging task
since the propagation of chemicals is random for diffusive (i.e., Brownian motion) channels
in micro-scale and therefore this type of modulation may be more suited for application on
macro-scale.
A variation on OOK is studied in [171]. The study was conducted on Pulse Amplitude
Modulation (PAM). In this scheme, the bit-1 is encoded as a spike in the beginning of the
time frame and the bit-0 is encoded as total silence in the time frame.
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TABLE 2.3: Comparison of modulation methods.




Particle Quantity On-Off Keying OOK × · · [21]
Concentration-Shift Keying n - CSK × · · [163, 164], [165]
Particle Type Molecular-Shift Keying n - MoSK · × · [163, 164]
Isomer based Molecular-Shift Keying I - MoSK · × · [163, 164]
Isomer based Concentration-Shift Keying I - CSK · × · [163, 164]
Isotropic based Molecular-Shift Keying n - MoSK · × · [167]
Depleted Molecular Shift Keying D - MoSK · × · [168]
Type Based Sign TS · × · [170]
Time of Release Pulse Amplitude Modulation PAM · · × [171]
Molecular Frequency Shift Keying —— · · × [21]
Time-elapse Communication TEC · · × [172]
SMART Time-elapse Communication SMART - TEC · · × [172]
Pulse Position Modulation PPM · · × [171]
Concentration through Silence CtS · · × [171]
Rate Modulation RM · · × [171]
Hybrid Modulation Multilevel Amplitude Modulation M-AM × × · [21]
Isomer-Based Ratio-Shift Keying IRSK × × · [166]
Molecular ARray-based COmmunication MARCO · × × [173]
Molecular Transition-Shift Keying MTSK · × × [174]
Power-Adjusted MTSK MTSK - PA · × × [174]
Hybrid Molecular Scheme 1 HMS D1 × × · [175]
Hybrid Molecular Scheme 2 HMS D2 × × · [175]
Molecular Space Shift Keying MSSK × × · [176]
Quadrature Molecular Space Shift Keying QMSSK × × · [176]
Molecular Spatial Modulation MSM × × · [176]
In [21], the concentration levels of the chemicals is varied in accordance to the sinusoidal
signal in a given frequency similar to FSK in EM communications. This would add up to the
already available concentration in the environment (Qavg) an additional element is sent to
the environment (Qamp sin(2π f )) to make the chemical amplitude behave like a wave. With
this the modulation is analogous to that of FSK.
Bacteria have the ability to behave as transceivers, known as quorum sensing [177],
which enables them to interact with one another. A method that utilises this is the time-
elapse communication (TEC) discussed in [172] and proposed for use in biological appli-
cations (i.e., bacteria) to increase the natural data rate of 10−5 bit/s. This is for very slow
networks (i.e., on-chip bacterial communication). In this method, information is encoded
into the time intervals between pulses. This method was tested on genetically engineered
Escherichia coli (E. coli) bacteria. These bacteria would produce fluorescence light propor-
tional to the information particle concentration however, the method experiences bit errors
in transmission. In order to overcome that, the authors have proposed an improved TEC
called SMART-TEC [172].
In [171] a modulation method based on the time property of the chemical emission is
proposed. Pulse position modulation (PPM), relies on the emission of particles in an ordered
manner to define the symbol. In a two bit system, the bit - 1 would be defined as a short
pulse then silence for the remainder of the timeframe, whereas bit - 0 would be defined
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as a short pulse in the middle of the time frame. In [178], the concept of PPM is further
developed and higher order (MC > 2) values were shown to outperform CSK.
A second modulation method proposed in [171] is named Communication through Si-
lence (CtS), where the symbol is encoded between the start pulse and the stop pulse. The
final emission-based modulation scheme proposed in [171] is Rate Modulation (RM). This
modulation relies on the number of pulses in a given time frame. An example would be,
encoding “9” with 9 pulses in a time frame t and “12” with 12 pulses in the same time frame
t.
2.6.4 Hybrid Modulation Methods
In this review, hybrid modulation describes a method that utilises two or more types of
modulation methods. In [21] a combination of OOK and molecular FSK was implemented
to increase the throughput of the communication named multilevel amplitude modulation
(MAM). This is achieved by modulation Qavg in conjunction with Qamp sin(2π f ) to achieve
a higher rate of encoding. In [166] the authors have proposed using isomer ratios to encode
information, which has been named IRSK. This method relies on the ratios of the quantity
of isomers the detector absorbs. The authors have stressed that this kind of modulation
would be more robust, since the ratios are the encoding element rather than the quantity.
In [179], a method based on the combination of type and the time of release was proposed.
This method, being asynchronous, could achieve higher information rates compared to time
based methods. To define the model, the method was presented as an event-driven system.
In addition a hybrid modulation scheme based on CSK and MoSK, named run-length aware
hybrid modulation have been proposed that reduces the ISI of the communication [175].
Another work on modulation in continuous diffusion was [180], a pulse based mod-
ulation scheme was proposed. This modulation scheme, however is used to send simple
commands to adjoining nano-machines (i.e., detection of unwanted particles) and based on
fast change of concentration in a given environment. In [181] a modulation was proposed
combining the properties of concentration shift keying (CSK) and molecular-shift keying
(MoSK) into a single modulation method for use in high data rates. Another modulation
method that combines CSK and MoSK was proposed in [175]; these are, modulation method
hybrid modulation scheme design 1 (HMS-D1) and 2 (HMS-D2). In [176] novel modulation
methods for use in MIMO application was developed. Fist, named molecular space shift key-
ing (MSSK) uses the antennae indices as the information source. Second, quadrature MSSK
(QMSSK) uses two types of chemical and finally a molecular spatial modulation which is a
combination of MoSK and MSSK.
2.7 Inter-symbol Interference (ISI)
In molecular communications the noise of the environment behaves differently compared to
an EM communication. In EM, the environmental noise (N0) generally stays stable, however
molecular communication is based on particles and because of that, particles may remain
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in the propagation medium and may affect future transmissions and may or may not arrive
at an unintended time slot. This causes a decrease in molecular communication channel
capacity and creates a memory effect [22].
The memory effect can be a major problem if there is a continuous stream of transmis-
sion, which makes ISI a big problem in molecular communication since continuing trans-
mission would eventually decrease the channel capacity to such extent that information
transmission would become infeasible. Because of this, reduction of ISI should be a primary
concern when designing a modulation method. Due to this hindrance, the property of ISI
has been studied extensively [46, 164, 182–186].
There are methods in which ISI can be reduced. Based on the literature and the research
done in this problem, ISI reduction can be classified into two types:
• Single type of messenger chemical.
• Multiple types of messenger chemicals.
In the following sections (2.7.1 and 2.7.2 ), both approaches will be discussed in detail.
2.7.1 Single Messenger Chemical
The approach of utilising only a single chemical has the limit of only having a single mes-
senger molecule type to work with. Increasing the time slot of each symbol in the commu-
nication can be given as an example. However this would sacrifice the throughput of the
channel for transmission reliability. This method, however, would make the already slow
molecular communication even slower, which has forced new methods to mitigate ISI in an
efficient way.
Another approach of ISI mitigation is to remove the leftover chemicals in the communi-
cation channel. A method to accomplish this is to use enzymes or inhibitor chemicals [187–
191]. In this method, the enzymes that are present in the channel degrade the information
particles as they are transmitted, thereby reducing the ISI and the receiver error probability.
Alternative approaches are also present in the literature such as; ISI mitigation by calculat-
ing of the optimum reception delay [192], adaptive detection [193] and photolysis reactions
[194].
2.7.2 Multiple Messenger Chemicals
Utilisation of multiple chemicals for messenger particles has advantages over a single chem-
ical messenger system. One being that since chemicals are independent of each other, more
symbol time can be given to the chemical without hindering the throughput.
In [174] an approach to reduce the ISI was proposed by combining CSK and MoSK
and calling it molecular transition shift keying (MTSK). In its binary form two types of
molecules were implemented, defined as type-A and type-B. The modulator then decided
which molecule to send based on the previously sent bit and the current bit. If type-A is
sent the system sends type-B and vice versa. In the same paper, a power efficient version
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(MTSK-PA) is also proposed where the residual molecules from the previous symbols are
utilised to reduce the energy consumption.
An alternative ISI reduction method is to utilise the order of released information par-
ticles [173]. This method, called MARCO by the authors, defines bit-0 as releasing first
particle A and then later B. For bit - 0 the release is vice versa. This method was shown
to reduce the ISI. In [195], a similar idea was implemented in which alternating molecules
were used to reduce ISI (e.g., type-a molecule for even time slots and type-b molecules for
odd time slots). By using more chemicals, more rotations can be made between time slots
and this can help reduce ISI greatly.
2.8 Error Correction
By definition, error correction is used to diminish the effects of noise on the transmitted sig-
nal that could be caused by the environment or sensors and correct the errors by introducing
redundancy [22]. This redundancy can later be detected to check whether information was
changed or not. For example, in a repetition code, bit - 0 is encoded as 00000 and bit - 1
as 11111 when this code is received as 00101 and 10111, it can easily be identified and
decoded correctly [196].
Before After
FIGURE 2.7: A natural process in error correction occurs in DNA replications. The error correction in
DNA is a collection of processes by which a cell identifies and corrects damage to the DNA molecules
that encode its genome [4].
One of the first attempts to use error correcting codes was to implement one based from
EM systems. A Hamming code [29]was applied to On-Off Keying (OOK) with diffusion based
molecular communications. It was shown that by implementing such codes and by using a
large number of molecules the system outperformed communication without redundancy.
However, if fewer particles were used the inverse became true. This happens because of the
extra ISI added by the parity bits. The authors also expressed that it is not an energy efficient
solution if the separation distance between the transmitter and the receiver is small. Based
on this energy issue work was done to introduce energy efficient codes for use in molecular
communication [197] and in [198] energy comparison of Self-Orthogonal Convolutional
Codes (SOCCs) was conducted.
Another attempt was made in [199, 200] where an alternative to the already established
Hamming distance is proposed, named Molecular Coding Distance Function (MCDF). In
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this function, the coding distance is not defined as a static value, but based on a transition
probability. It was shown that this method shows better performance than Hamming coding
in molecular communications. Finally applications of already existing error-correction code
methods have been reported: High-order Hamming Code [197], Minimum Energy Codes
[201], Reed-Muller Codes [202] and Reed-Solomon Codes [203].
In [197], a new family of channel codes have been proposed called ISI - free codes that
takes the limited decoding ability of the sensors in mind. These coding schemes have been
simulated in a diffusion environment by the use of Brownian motion. In [202] a comparison
study of the recently proposed channel coding schemes were reviewed.
A problem of modelling the channel is the inconsistency across a given distance. This is
caused by numerous properties of the environment (temperature, molecule collision etc.).
To overcome this, channel state information is calculated. This method helps to describe
how the signal propagates. The channel state information (CSI) can be classified based on
which knowledge is known; either the current condition instantaneous CSI or the statisti-
cal knowledge statistical CSI. In [84], it was shown that in a CSK modulation the strongly
constant weight code (SCW) can be used in molecular communication to improve transmis-
sion. In [204] constant-composition codes were used to mitigate the use of channel state
information (CSI). In [205], error performance analysis of diffusion based molecular com-
munication with OOK was done. In [206] zero error codes were implemented for molecular
communications. In [207] error-correction via-amplitude width encoding was done. In
[208] the performance of Bose-Chaudhuri-Hocquenghem [209] and Reed-Solomon codes
[210] for molecular communication with diffusion are evaluated by simulation and results
are analysed.
2.9 Information Security
An important aspect of any communication system is the security it gives to its users. Infor-
mation transmission and encryption is a heavily studied topic in EM communication; how-
ever, in molecular communication, it has yet to gain the interest of researchers. A study was
made in [102] to analyse the implementation of a secure channel for molecular communica-
tions and in [103] security and privacy were discussed for use in molecular communication.
2.10 Receivers
In order to decode the message, a receiver must be used. The receiver can be any device that
is able to detect chemical concentrations and be able to convert them into electrical impulses.
For use in macro-scale molecular communication, an electronic nose (section 2.10.2.1) or
a mass spectrometer (MS) (section 2.10.2.2), which are already common place in many
industrial applications, can be utilised. In micro-scale the sensor and applications are still a
new concept and are a current research interest.
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2.10.1 Micro-Scale Molecular Communication
The use of sensors in the micro-scale is still a relatively new concept. The use of nanoscale
sensor networks (NSN) was first proposed in [18], where sensors are defined as nodes at
nano-scale sizes. These small scale devices can be used as a network and can be used in
applications such as medicine or military [211]. However the conceptualisation and the
production of these kind of sensors is hard to produce to the same performance standard
compared to their macro-scale sensor counterparts because of their dimensions. In [212]
networking schemes for these kind of sensors were discussed. Recently there have been
developments of nano-sensors that can be utilised for micro-scale [213, 214], one of the
ideas being the use of biological circuits, based on chemical reaction networks and DNA
transcription processes [215, 216].
An alternative way of implementing sensors for use in micro-scale can be derived from
organic systems. In [217] the use of artificial neural networks (ANN) was proposed for use in
micro-scale. These ANNs could be interfaced to a nano-device and achieve communication
in a small size. In [172], quorum sensing in bacteria were utilised to transmit information,
which can further be used as sensors in future applications.
In literature, sensors are generally categorised as either passive or active [218]. A pas-
sive receiver is defined as a receiver that does not interfere with the environment such that
particles that are detected are not removed from the environment [219–224]. An active re-
ceiver, on the other hand, directly interferes with the particles in the environment such that
the particles are absorbed and removed from the system [138, 225–227].
An important part of any communication is synchronisation and arrival time [228, 229].
A communication that has synchronisation stops slips from occurring and maintains perfor-
mance. Based on this there have been studies done on the possibility of synchronisation in
molecular communications with diffusion [230, 231] and with advection [232].
Deep Learning has been gaining traction as an impressive tool in optimisation and there-
fore has been used in numerous fields on real-life applications. Recently, molecular commu-
nication has also seen deep learning in decoding transmitted signals [233, 234] and receivers
[235].
In [236], a detection network was devised for molecular communications. In [237] a
new pre-coding algorithm was introduced at transmitter side to mitigate the ISI for adaptive
threshold detectors was shown and applied. In [238] signal detection based on derivation for
high-data rate molecular communication is done. In [239] the effect of spatial partitioning
on the variance of the output signal is investigated and in [240] the receiver performance
for molecular communication is improved by use of an adaptive weighted algorithm.
2.10.2 Macro-Scale Molecular Communication
An advantage of macro-scale over micro-scale is that there are technologies already available
that can be implemented as detectors. The information particle of a macro-scale can utilise
gas particles and there are various types of detectors in the market that can be used. An
Chapter 2. Background and Related Work 35
important group of gases are volatile organic compounds (VOCs). These types of gasses
are used in nature by plants mostly for communication purposes [58]. These chemicals are
mostly in their gas phase at room temperature and they can be detected using electronic
noses or the use of mass spectrometers (MS) which are discussed below in detail.
2.10.2.1 Electronic Nose
An electronic nose is defined as a sensory tool used to detect chemical odour/scent. The first
conceptualisation of this device was made by Persaud and Dodd in 1982 [241]. From [242]
an electronic nose has the following:
• sensor matrix to simulate a human olfactory system.
• pattern recognition system that recognises the olfactory pattern data processing unit
which can perform similar function as an olfactory bulb.
The ability of discriminating and recognising a variety of gases and odours using small
numbers of sensors led the electronic nose to be used in various areas, such as medical and
diagnostics [243–245], food [246–248] and cosmetics sectors [249]. A block diagram of an














FIGURE 2.8: A block diagram of an electronic nose.
The basic prospect of an electric nose is to convert the chemical footprint into a detectable
electrical signal. This could be achieved using different properties of a type of material
(change of resistance, temperature etc.). However, some measurement of characteristics
are suited better for certain applications. In [42] the use of electronic noses was deemed
to be the best candidate for use in an odour communication system due to their portability
compared to mass spectrometers. However, as it will be mentioned in the next part, mass
spectrometers provide specific qualities that can make the MS a de facto standard for use in
macro-scale molecular communication experimentation.
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2.10.2.2 Mass Spectrometer
Mass Spectrometers (MSs) have played a key part in many phases of drug discovery and
the identification of proteins. This is all possible because of the MS’s sensitivity and speed
of analysis. Aside from its importance in the drug industry, MS is also a vital part in many
fields. Examples would be identifying and monitoring bio-markers in physiological fluids,
rapid screening of drug-target binding and other biochemical analysis. As a result of its
vast usage in most fields and for its versatility, MS has became a routinely used technique.
MS have the ability to detect numerous chemicals concurrently and with high resolution
making it a valuable option for use in molecular communications as a receiver. A detailed





















FIGURE 2.9: The principle diagram of the quadrupole mass analyser used in chemical detection: (1)
Once the samples are introduced into the detector via the membrane inlet the chemicals are ionised
and passed through a focus lens. (2) The analyser is made up from four hyperbolic rods with applied
potentials. Based on the electric potential applied to the rods, which the connection diagram can
be seen in (5), the ions can be separated based on their mass-to-charge values. Ions with stable
trajectories, such as (4) will travel through the electric field and will arrive at the detector shown
in (6), whereas ions with unstable trajectories (non-resonant ion), e.g. (3), will collide with the
quadrupole and will be filtered out from the detection. Detected ions are amplified and presented
visually as mass chromatogram shown in (7).
The name “Mass Spectrometry” gives an unclear definition of the name. The measure-
ment is not done on the mass of the sample (kg) but on the mass-to-charge (m/z) ratio.
A mass-spectrum is defined as the relative ion abundance (%) vs. m/z. The spectrum is
using the units of Dalton (Da) per unit charge (q) [250]. In a MS analysis, all information
comes from gas-phase ions. There are three primary components of a mass spectrometer:
an ionisation source, a mass analyser and a detector.
The use of MS in molecular communication is relatively new with proof-of-concept trans-
mission first reported 2017 in [45]. To utilise the experiments, a membrane inlet mass spec-
trometer (MIMS) with a QMA is used. In [47] the study was further developed and the
modulation methods of OOK and CSK were investigated. In [46] an experimental message
was sent using a MIMS and [8] an extensive analysis was done on the parameters of the
macro-scale. In [9], the noise was analysed to be additive white Gaussian noise (AWGN)
and the open-air transmission of macro-scale was analysed.



























FIGURE 2.10: A representative diagram of the implementation of MIMO for use in molecular com-
munications.
2.10.3 MIMO Applications
In radio applications, multiple input multiple output (MIMO) is a method to increase the
capacity of a radio link using multiple antennas and receivers [251]. This technique is widely
used in traditional communication such as IEEE 802.11n (Wi-Fi), IEEE 802.11ac (Wi-Fi) etc.
There have been studies to implement this method for use in molecular communications.
In a study conducted in [142], one of the first instances of MIMO use in molecular commu-
nication was conducted. However, in this study, the effects of ISI were not considered. The
first study that considered both MIMO and ISI was in [252].The main drive of the utilisation
of MIMO is to increase the already slow communication of molecular communication. Based
on this premise various studies were realised on the properties of molecular MIMO, such as
detection [253–256], modulation analysis [176], channel analysis [257–259] and coopera-
tive relaying [260].
2.11 Experimental Analysis
The study of molecular communication has mostly been done on the theoretical aspects.
However, macro-scale molecular communications have seen the use of practical experimen-
tal test-beds to study the aspects of the methods of communication.
One of the first test beds to study the effect of molecular communications is shown in
[38]. In this study, as a transmitter an electrical spray controlled by an Arduino is used and
for detector a MQ-3, MQ303A and MR513 sensors were utilised. The transmitted chemical
was chosen as isopropyl alcohol (C3H8O). In [262], an experimentally validated end-to-
end channel model for molecular communication systems based on the setup in [38] was
developed and experimented.
Another approach uses the characteristics of the molecules to convey information which
was accomplished in [263]. In this research the pH values were used. The carriers of infor-
mation are designated to be hydrogen ions and the detection of these particles is achieved




























FIGURE 2.11: Experimental test beds used in literature
(A) The diagram of the odour generator-MS experimental setup [8–10, 46, 47]: (1) N2 gas; (2)
modulation information; (3) automation platform; (4) MFC for the carrier flow; (5) MFC for
the signal flow; (5) evaporation chamber (EC); (7) mixing chamber; (8) propagation medium;
(9) MS inlet; (10) electronics control unit; (11) pressure gauge; (12) controller and the regu-
lator cables; (13) data acquisition and analysis.
(B) Bench-top experimental setup [261]: (1) transmitter; (2) voltage source; (3) incubator; (4)
arduino; (5) LED; (6) pH sensor; (7) magnetic stirrer; (8) bacteria in glass tube; (9) pH meter;
(10) Receiver.
(C) Tabletop Molecular Communication [38]: (1) Transmitter; (2) Arduino; (3) Adafruit LCD
shield kit; (4) DuroBlast electrical spray; (5) MQ-3 sensor; (6) Arduino; (7) receiver.
by use of a pH sensor. The transmitter is made up from a series of peristaltic pumps which
compresses the tube to create a flow. The propagation channel is a silicon tube and the
receiver is a pH meter interacting with an Arduino Uno. From experimental results it was
demonstrated that transmission speeds of 4 bps could be achieved.
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In [264] an alternative approach was considered, where instead of propagating the par-
ticles in a gaseous environment an aqueous environment was chosen and the transmit-
ter chemical was chosen to be lauric acid coated SPIONs (superparamagnetic iron oxide
nanoparticles), which were employed in drug delivery applications [265]. Propagation and
transmission is accomplished by a peristaltic pump and the detection is done by suscep-
tometer coil which generates an electrical signal when there are magnetic materials in close
proximity.
A short study was conducted in [162] where the information rate of molecular commu-
nication is studied in laminar and turbulent flow.
A recent study was done in [261]where a biological approach was considered. The setup
utilised a colony of bacteria (E. Coli) expressing bacteriorhodopsin in their cell membrane for
easy-to-control optical signal conversion. Based on the input from the photo sensor, bacteria
change the pH of the environment and the transmission is detected via a pH sensor.
In [266] a similar experimental setup to [38] was used to study and analyse anti-ISI
demodulation schemes for diffusion based molecular communications.
A study was done in [267] where a proof-of-concept multi-input multi output (MIMO)
molecular communication was conducted. This MIMO application was further analysed in
[252] and in [268] the application was studied with an additional advection element.
In [269] the first controlled information transfer through an in-vivo nervous system by
modulating digital data from macro-scale devices onto the nervous system of common earth-
worms and conducting successful transmissions was demonstrated.
While the experimental studies conducted rely on different principles of operation (elec-
tronic sprays, bacteria colonies etc.) most of the experiments conducted are short distance
transmission (< 1 m). Long distance ( > 1 m) transmission is only studied by either using
an Arduino or a MS as a receiver. While the approach using Arduino allows transmission
over long distances, it relies on external fans to propagate and utilises liquid chemicals to
send its information. This approach may not be suitable for systems where the transmission
needs to be conducted in a boundary (i.e., pipe). This is caused by the gravitational forces
acting on the liquid chemical.
The last approach, MS, overcomes this problem by utilising gas-phase-only transmission
with pressurised N2 gas to create propulsion. This approach allows transmission in closed
environments over long distances (> 1 m).
TABLE 2.4: Experimental test beds used to study molecular communications.
Transmitter Propagation Medium Messenger Particles Detector Distance bps Reference





4 m 0.5 [38, 262]
LED with Arduino Aqueous E. Coli Bacteria pH Sensor < 1 m 0.016 [261]
Superparamagnetic
Iron OxidePeristaltic Pump Aqueous
Nanoparticles
Susceptometer coil 5 cm 0.25 [264]
Peristaltic Pump Gaseous Ions pH Sensor < 1m 4 [263]
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2.12 Applications
2.12.1 Micro-Scale Molecular Communication
Micro-scale molecular communications can be used in fields such as drug delivery system-
s/medicine [17, 270–273]. In addition, studying micro-scale molecular communications
gives insight to the communication done in the nm to µm range. This knowledge could
further be used to develop bio-computers [274, 275].
An important application of micro-scale is the manipulation of biological processes from
an engineering perspective. This can be done by using quorum sensing [177]. By mimick-
ing this stimuli system, self-organising collective sensors (SECOAS) can be improved to be
used in environmental monitoring system. This is a swarm made by individual nodes, which
chooses a node to transmit in order to save on limited energy [276]. This molecular ap-
plication can also be applied to ad-hoc networks [277]. There are biological approaches in
which micro-scale molecular communication can be applied such as Ca+2 signalling [278],
ligand-receptor binding mechanism [279, 280], synthetically engineered bacteria [281] and
electroencephalogram (EEG) waves [282].
Molecular communications can be used to analyse in-vessel transport. It was proposed in
[32] that vessel-like structures provide a boundary to the transportation and guides propaga-
tion to the desired destination. This aspect of communications has been studied in literature
on its various properties, such as decoding method [283], channel geometry [284, 285] and
channel model [286].
2.12.2 Macro-Scale Molecular Communication
The current applications of macro-scale are limited since most of the conventional large scale
communications are dominated by traditional communication methods (EM) that have been
well developed and established. However, there are areas where EM communication is not
desirable and an alternative might prove to be a better choice. A study has shown that
EM based sensors have limited reliability in infrastructure monitoring [62]. In addition,
environments where EM communication is limited because of obstacles [64] (i.e. caves,
mines) macro-scale can be a good alternative and can also be used in sending information
using pipes. In [12], it was shown that under specific conditions molecular communications
outperforms electromagnetic communication in terms of signal quality in a pipe where EM
has higher attenuation per distance in a copper pipe.
In addition to being a tool for communication, macro-scale molecular communication
can also be used for studying biological processes such as pheromone communication in an-
imals [24]; ants using chemical trails for navigation [60] or moths using chemical signalling
over several km [51]. Based on these biological processes, much research has been done
to implement this biological application and make it applicable as an engineering approach
[50, 287–289].













FIGURE 2.12: Applications of molecular communication can be implemented both in micro-scale and
macro-scale. At smaller scales, understanding of particle propagation and reception can be used to
control bacteria and be used in implementing drug delivery systems. At larger scales, molecular
communication can be used in studying animal behaviour.
Another application of macro-scale is in robotics. By utilising pheromone communication
and olfaction [68, 79, 290] communication between robots can be established. The research
field for this application can be divided based on two distinct approaches:
• Chemical (odour) tracking robots [68–76] .
• Pheromone based communication [79–81, 291] .
A different approach to the use of macro-scale molecular communication would be odour
transmission using digital medium [42]. The topic has been known since the 1950s and deals
with sending and receiving scent in digital medium; it has become more important with the
mass availability of virtual reality (VR) hardware [292]. These hardware are impressive
in simulating the reality for both audio and video but the sensory input for odour is still
a problem to emulate. The transmission of audio and video are well understood, however
the transmission of odour from transmitter to the receiver is still a topic of research [293,
294]. The knowledge gained on studying macro-scale chemical propagation can be further
implemented to this topic which can be used to create realistic scent streams to further
improve the illusion of reality of a VR environment.
2.13 Simulations
Simulation is the imitation of an operation of a real world process [295]. As it plays a very
important part in many fields of engineering, molecular communication has also seen a fair
share of simulation platforms designed to simulate the process of propagation and detection.
One of the limitations of micro-scale over macro-scale is the scarcity of experimental analysis.
This is due to size of the scale and lack of equipment able to carry out the experiments.
Based on these drawbacks simulations play an important role in the analysis and the study
of numerous parameters of the communications.
As mentioned there are a variety of simulation models designed to analyse specific prop-
erties of this novel communication paradigm. In this section each simulation platform will
be briefly discussed and their comparison can be seen in Table 2.5.
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2.13.1 BiNS
Biological and nano-scale communication simulator (BiNS) is a multi-threaded simulation
package for molecular communication systems developed by the researchers from the Uni-
versity of Perugia [296]. Its customisable design provides a set of tools for generating objects
and allows modelling the behaviour of biological entities, including the collision handling
and the modelling of diffusion with advective flow propagation onto both constrained and
open space environments.
2.13.2 N3Sim
N3Sim is a java-based simulation framework that used diffusion only molecular communica-
tions. This platform allows the analysis of molecular networks possessing several transmit-
ters and receivers [299]. The diffusion process through the medium is modelled as Brownian
motion, which takes account of particles’ inertia and collisions among particles as they travel
through the medium. The simulation is based on a three-layer architecture:
• User interface layer.
• Data layer.
• Domain layer.
The simulation parameters are defined by the text configuration file.
2.13.3 COMSOL
COMSOL multiphysics is a commercial multi-purpose platform designed for simulating and
analysing physics-based problems through a unified work flow for electrical, mechanical,
fluid, and chemical applications [310]. It implements finite element analysis (FEA), to
study different physics and engineering applications. An example of the use of COMSOL
multiphysics for simulating a molecular communication drug delivery system is presented
in [310] and is also used in simulating micro-fluidic environments [285].
2.13.4 NS2 and NS3
NS2 and NS3 are discrete-event network simulators. Even though they were not originally
developed for molecular communications, their flexible structure has allowed implementing
some basic elements of molecular communications.
NanoNS [28] is an NS-2 based simulator for diffusion based molecular communication
in aqueous environments, with continuous thermal motion of molecules.
NS-3 is a simulation tool that has been developed in the framework of the IEEE P1906.1
working group [311]. User programs can be written in C++ or Python programming lan-
guages.
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2.13.5 BNSim
BNSim is a multi-threaded Java-based simulation platform for analysing bacteria networks
[303]. These networks interconnect engineered bacteria that communicate at the nano-
scale.
BNSim functions by integrating three simulation methods:
• Gillespie stochastic simulation algorithm [312].
• Stochastic differential equations (SDEs), used to model large-scale chemical system
with a controlled level of approximation.
• Hybrid algorithm which integrates the above methods.
2.13.6 NCSim
NCSim is a simulation platform for molecular communications that utilises flagellated bac-
teria for transmission of information [313]. The simulations primary objective is on the
analysis of different message encoding techniques. It can simulate several simultaneous
links between the nano-machines. NCSim incorporates the stochastic model for bacteria
mobility, and the plasmid/chromosome transfer between bacteria through the conjugation
process. NCSim consists of three modules:
• Physical layer of bacterial nano-networks.
• Scenario generator and simulation monitor.
• Plot generation.
2.13.7 HLA
High level architecture (HLA), which is standardised under IEEE 1516, is used to design
and develop a distributed simulation tool for molecular communication and in [304], the
authors introduced a simulator design based on the HLA model focusing on scalability. It
is used to design a distributed simulation tool for molecular communications, so that dif-
ferent scalability options can be used to include additional processing power to reduce the
execution time. This model allows the design of large systems, which could be difficult to
do otherwise.
2.13.8 AcCoRD Simulator
AcCoRD (actor-based communication via reaction-diffusion) is a molecular communication
simulator and designed as a generic reaction-diffusion solver for flexible system config-
uration. Actors are placed as sources (i.e., transmitters) or observers (i.e., receivers) of
molecules. Environments can be defined with a combination of microscopic and mesoscopic
regions [194, 218, 305–308].
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2.13.9 Other Works
Aside from simulation platform there are other studies which aid in the simulation studies
of molecular communication, such as; algorithms [314–317], multithreaded CPU and GPU
implementation [318], parallel processing [319], analytical analysis [320–322], modelling
[323, 324] and frameworks [325].
2.14 Standardisation
Standardisation is defined as the process and the implementation of technical standards
based on the consensus of different parties [326]. Molecular communication is a relatively
new field of study compared to EM where most of the technologies are standardised. How-
ever, there are attempts at standardising aspects of molecular communications.
One of these attempts is the unification of the research of molecular communications
into a single architecture, named molecular communication markup language (MolComML)
[327]. This standardisation is similar and influenced by the systems biology markup language
(SBML) which is the de-facto standard for representing biological processes through com-
putational models in systems biology [328] and in [329] a new metric was proposed for
the performance evaluation of molecular signal within the context of molecular communi-
cations.
Aside from the research standardisation, there are also works on implementing standards
for the communication aspect of the system. In [211] the communication system was anal-
ysed based on the open systems interconnection (OSI) model and each layer was discussed
in detail and in [330], transmission control protocol (TCP) was implemented and studied
for molecular communications.
Another approach is to standardise how information is transmitted. This is done in EM
communications as packets where information is encoded to the package to define its numer-
ous properties; beginning, end, where it is headed to etc. This approach was also recently
studied in [331] where data frames in molecular communication are envisioned.
2.15 Conclusion
In this Chapter, a review into the molecular communications is undertaken. Molecular com-
munications is still novel and still being experimented upon, and there are aspects of the field
where studies need to be conducted. One of these fields is information security. Information
security is a pivotal aspect of modern communication and becomes ever more important as
time passes. However, aside from a few preliminary studies, research is required. Studies
have been done into modulation methods, ISI mitigation and mathematical modelling of
the propagation. These properties are mostly based on already established principles in EM.
There are still aspects of molecular communication yet to be discovered that is intrinsic to
its particle properties that cannot be implemented to a wave-based communication system.
Experimental studies have recently gained traction and have shown physical proof of the
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validity of molecular communication both biological and mechanical. Simulation platforms
were developed to increase the speed of progress of this field. Applications exist where
molecular communications is a better alternative to already existing communication meth-
ods and in the future, molecular communications shows promise in improving our ability
to communicate in areas where the current methods (i.e., EM) struggle by fundamentally




M olecular communication, as discussed in the previous chapters, is an emergingfield, and compared to traditional communication methods (i.e., EM) is still inits infancy regarding the understanding of its physical properties. To analyse this
novel communication paradigm experimentally, a test-bed must be established. Unlike EM
or AC, molecular communication does not rely on the propagation of waves. Instead, it
relies on the momentum of travelling particles. Therefore, to realise the communication, a
receiver that can distinguish chemicals must be implemented. This can be accomplished in
two ways.
The first method is to use sensors that physically interact with the particles and produce
current from the interaction (i.e., MOSFETs). Consider, as an example, tin-oxide (SNO2)
sensors. The gates of these MOSFETs are covered with SNO2 and by interacting with the
O2 in the air it produces a current, depending on the concentration value of the introduced
chemical species. However, this can cause a bottleneck in the communication where the
interaction of the chemical and the sensor can decrease the sensitivity of the future trans-
missions and make it unsuitable for long transmissions. Due to the mechanics of SNO2
(redox) the sensor can reach saturation point where the sensor lacks O− ions to interact
with the signal chemical in the transmission medium [332].
The second approach, is the utilisation of mass spectrometers (MS). A MS is an instru-
ment capable of analysing and distinguishing charged ions based on their motion in an
applied electric and/or magnetic field. The analyser of the MS allows the detection of ions
with a particular mass-to-charge (m/z) ratio [250, 333], making it a useful tool for use in
molecular communication, as described in Section 2.10.2.2.
In this chapter, different parts of the experimental setup are described in detail. Section
3.2 gives an overview of the experimental test bed. Section 3.2.1 discusses the operation of
the transmitter. In Section 3.2.2 the chemical species used throughout the thesis are given.
Section 3.2.3 is dedicated to the receiver, where the operating principle of the QMA is given
in detail.
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3.2 Experimental Setup
The generation and transmission of chemicals based on a message was made using an in-
house-built odour generator, and the detection of the chemical was made using a mass spec-
trometer (MS), namely a quadrupole mass analyser (QMA). The diagram for the experimen-
tal setup used in the study can be seen in Figure 3.1. In the following section, each of the
major parts of the experimental study is discussed in detail.
3.2.1 Transmitter
A gas dispenser that is controlled by mass flow controllers (MFCs) releases volatile organic
compounds (VOCs) (placed into an evaporation chamber) called the signal flow, whereas the
flow passing through the mixing chamber is called the carrier flow (N2) [5, 45]. VOCs are
chemicals that can transmit from the liquid to the gas phase at ordinary room temperature
and pressure. This property is due to the low boiling point of the chemical, which forces a
large number of molecules to evaporate from its liquid or sublimate from its solid phase and
mix-in with the surrounding air, known as volatility. Most odours are made up of VOCs.
The MFCs are connected directly into the N2 gas cylinder and controlled directly by a
computer and an automation platform. The automation platform sends digital commands
to the MFC and the internal valve inside can be controlled to create gas pulses. In this setup,
there are two flows present: one is responsible for transporting the samples from the evap-
oration chamber into the mixing chamber (signal flow q); the second one is responsible for
carrying the signal chemicals from the mixing chamber to the transmission medium (carrier
flow Q). A diagram of the odour gas generator can be seen in Figure 3.2, and the evaporation
chamber can be seen in Figure 3.3. When the gas leaves the mixing chamber and transmits
through the medium it is defined as bulk flow (BF ) [5, 45]:
BF =Q+ q. (3.1)
3.2.2 Chemicals
In this study four types of chemicals were used. A zero-grade N2 (% 99.998 purity with 1 bar
pressure) was chosen for the carrier gas (Q) that carries both the signal chemical from the
transmitter to the receiver and transports the signal chemical from the evaporation chamber
to the transmitter. The properties of the signal gas (q) used in this study are given in detail
in Table 3.1. The mass spectrum of the chemicals used throughout the thesis can be seen in
Figure 3.4.
3.2.3 Receiver
In the studies following the chapter, to detect the chemicals that are released by the odour
generator (OG), a portable membrane-inlet mass spectrometer (MIMS), from Q Technologies
Ltd., was used as the primary sensor. MIMS is a method of introducing analytes into the MS’s
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FIGURE 3.2: The working diagram of the odour generator (OG). [5] (1) Introduction of the carrier
gas (Q) into the mixing chamber. (2) Mixing chamber where the evaporated chemicals from the
chamber and the carrier gas are mixed. (3) Evaporation chamber (Figure 3.3). (4) Transmitted








FIGURE 3.3: Diagram of the evaporation chamber (EC): (1) inlet of the N2 gas into the evaporation
chamber. (2) Inlet where the sample is introduced. (3) Thermo-resistant septum that allows the
multiple introduction of a sample via a micro syringe. (4) An absorptive material that holds the
liquid sample analyte. (5) N2 from the inlet carries the evaporated chemicals from the chamber.
(6) The cumulated gas is transferred into the mixing chamber via a 6.35 mm inch Teflon tube.













































































































































FIGURE 3.4: Mass spectra of the signal chemicals used in the study. The mass spectra of
the chemicals are obtained via the use of electron ionisation (EI) [NIST Chemisty WebBook
(https://webbook.nist.gov/chemistry)].
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TABLE 3.1: Chemicals used throughout the thesis.
Parameters Acetone Methanol Cyclopentane n-Hexane
Molecular Formula (CH3)COCH3 (CH3)OH C5H10 C6H14
Molecular Weight 58.08 g/mol 32.04 g/mol 70.135 g/mol 86.18 g/mol
CAS Number 67-64-1 67-56-1 287-92-3 110-54-3
Vapour Density1 1.56 1.11 2.4 2.97
Vapor Pressure2 184 mmHg 97.68 mmHg 317.8 mmHg 153 mmHg
Boiling Point 56 °C 64.7 °C 49.2°C 68.5°C
Melting Point -17.2 °C -98 °C -94°C -96 °C
Diffusivity in air 0.124 cm2/s 0.15 cm2/s 0.0919 cm2/s 0.2 cm2/s
Chapters used in 5, 6 and 7 5, 6 and 7 7 7
1 Relative to the density of the air (air = 1) 2 Normal Temperature and Pressure
vacuum chamber via a semi-permeable membrane [334, 335]. The membrane is usually a
thin, gas-permeable, hydrophobic material such as polydimethylsiloxane (PDMS), which is
also used in this study. Samples can be almost any fluid, including water, air or sometimes
even solvents. The great advantage of the method of sample introduction is its simplicity.
MIMS can be used to measure a variety of analytes in real-time, with little or no sample
preparation. MIMS is most useful for the measurement of small, non-polar molecules (<
200 Da), since molecules of this type have a greater affinity for the membrane material than
the sample.
A MIMS consists of three primary parts: a sampling probe that lets the gas sample pass
the membrane for the MS to analyse, a triple filter quadrupole mass spectrometer, which in
turn consists of an electron ionisation (EI) source, QMA and a detector, and finally a vacuum
system. The inlet of the system, consists of a fine non-sterile flat PDMS membrane [45, 336].
In the following subsections 3.2.3.1 and 3.2.3.2 major parts of the MIMS are described in
detail.
3.2.3.1 Membrane Inlet
The initial analysis of the chemical species begins with the interaction of the signal chemicals
with the membrane present in the inlet of the QMA. This process, called pervaporation,
involves three distinct actions [337].
1. Absorption of sample molecules into the membrane (absorption),
2. Diffusion of sample molecules through the membrane (diffusion),
3. Evaporation of the molecules from membrane surface to the vacuum (desorption).
The pervaporation process can be described using Fick’s two laws of diffusion. The 1st
law describes the relation between the diffusive flux (J(x , t)) and the concentration of the
molecules in the given environment. The diagram of the pervaporation phenomena can be
seen in Figure 3.5.:










FIGURE 3.5: Diagram that illustrates the process of pervaporation.
J(x , t) = −D
∂ c(x , t)
∂ x
, (3.2)
and the concentration gradient can be explained by Fick’s 2nd law :
∂ c(x , t)
∂ t
= D
∂ 2c(x , t)
∂ x2
. (3.3)
The applications and the properties of the MIMS are described in the literature [336,
338–342]. Due to the presence of the membrane, each chemical can interact with the mem-
brane differently, and this in turn can cause different absorption rates [45]. Additional
details of the membrane and its applications can be seen in [336].
3.2.3.2 Quadrupole Mass Analyser
Developed at the beginning of the 1950s by Wolfgang Paul and Steinwegen from the Uni-
versity of Bonn, the QMA relies on the manipulation of ion trajectories by controlling the RF
voltage applied to the quadrupole rods [343]. Since then, QMAs have become an important
instrument in analysing samples. The principle theory of QMAs is given in the following
paragraph and a functional diagram of the workings of a QMA can be seen in Figure 3.6.
Ions travelling along the z-axis (axial axis) are under the influence of an electric field
generated by four parallel metal rods with their centre at the origin. The potential lines and
the vectorial lines of the quadrupole field can be seen in Figure 3.7.
The potentials applied to the rods are given below:
+Φ0 = +(U − V cosωt), (3.4a)
−Φ0 = −(U − V cosωt), (3.4b)
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FIGURE 3.7: (A) Equipotential lines generated by the quadrupoles (B) Electric vector field generated
by the quadrupoles.
where Φ0 defines the potential applied to the rods (V), ω is the angular frequency (rad/s),
U is the direct potential (V) and V is the “zero-to-peak” amplitude of the RF voltage (V).
The accelerated ions enter the space between the quadruples, which align along the z-
axis. The force acting on the accelerating ions is caused by the quadrupole electric fields.


















(U − V cosωt)
r20
, (3.5b)
where m is the mass of an ion and e is the electric charge of a single electron (Coulombs).
The electric potential (Φ) can be represented as a function of (Φ0):





where 2r0 is the closest distance between the four electrodes. By rearranging the equations












(U − V cosωt) y = 0. (3.7b)
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Ion Trajectory in Y-Z Axis
Ion Trajectory in X-Z Axis
Ion Trajectory in Y-Z Axis


































FIGURE 3.8: Examples of stable and unstable ion trajectories in a quadrupole.
The equations above describe the movement of an ion in a 3D environment within the
influence of a quadrupole electric field. The ion’s trajectory will stay stable if the x and y
values never reach r0. If the values exceed r0 the ion will collide with the quadrupole and
never arrive at the detector. To solve the equations with respect to x and y the Eq. (3.7)








To simplify the equations given in (3.7), an umbrella term of Γm is given with the follow-
ing identity with the redefined equation:






(U − V cosωt) Γu = 0. (3.9b)









(U − V cos2ξ) Γu = 0. (3.10)
The introduction of the parameter ω2/4 can be removed by multiplying both sides of






(U − V cos 2ξ) Γu = 0, (3.11)
A final simplification of Eq (3.11) by grouping the parameters into two definitions:

















FIGURE 3.9: The stability diagram for the Mathieu equation considering x and y coordinate direc-
tions. Four stability areas are shown in circles. The most common area that is used in quadrupole
mass spectrometry is (A).
au = ax = −ay =
8zeU
mω2r20




The current description of the motion equation can be shown as:
d2Γu
dξ2
+ (au − 2qu cos 2ξ)Γu = 0 (3.13)
This equation is known in the literature as the Mathieu equation, which was introduced
in 1868 by mathematician Emile Mathieu to solve problems related to vibrating elliptic mem-
branes.
In a quadrupole the distance between the rods (r0) is constant due to construction and
the angular frequency (ω) is kept constant during operation. Therefore, U and V are the
two variables of the analysis. The stability diagram, which Eq. (3.13) generates, can be seen
in Figure 3.9 with the x and y axes being qu and au. In the figure, there are two distinct
areas that can be observed. These coloured areas represent the stability of the travelling
ion in the x or y axis. The ion will traverse the quadrupole safely only if the parameters
of motion lie in the joint area of both x and y area (i.e., the green area). Rearranging the












In operation, the (ω2r20/e) part of both U and V is constant, making m/z the only vari-
able. By increasing the m/z value linearly (i.e., switching from one mass to another) the au
and qu will also experience a change in values. This change will cause the triangular area
seen in Figure 3.9, making every mass an individual area in the V -U space. This change in
the stability area can be seen in Figure 3.10.


























When Changing U as a




FIGURE 3.10: Stability diagrams plotted in RF-DC space, showing a straight scan line through the
origin.
Decreasing the slope of the mass scan line allows, the scan line to pass through a major
area of the stability diagram. This, turn, widens the mass peak. The outcome of this charac-
teristic shape of the stability diagram is that, as the resolution is reduced (making the peak
wider), the position of the leading edge of the mass peak moves to lower apparent mass
three times more quickly than the trailing edge of the mass peak moving to a higher appar-
ent mass. This moves the mass peak centre to a lower apparent mass. Therefore, instrument
calibration is necessary.
3.3 Conclusion
This chapter establishes the principal experimental parts used throughout the thesis. The
transmitter used in the experimental analysis exploits the chemical properties of highly
volatile chemicals (VOCs) to generate the chemical signals and the propulsion is generated
by N2 tank. A descriptive section was dedicated to the underlying theory of QMA along with
the membrane inlet technology. As mentioned before, the mass spectrometer (MS) has the
ability to detect multiple chemicals simultaneously making MS a valuable receiver for use in
molecular communication experimental analysis.
In chapter 4, the mathematical modelling of molecular communications on the macro-
scale is described for different environments.
Chapter 4
Theory of Macro-Scale Molecular
Communications
4.1 Introduction
T his chapter focuses on the mathematical modelling of the macro-scale molecularcommunication. As mentioned, macro-scale is seldom studied compared to micro-scale therefore mathematical models describing the macro-scale effects (i.e., advec-
tion) are rare. In this chapter, mathematical descriptions used throughout the study are
given. Depending on the environment (i.e., boundary-less, open-air) models are revised.
Each Cartesian dimension (x , y, z) is considered in modelling the communication using the
advective-diffusion equation (ADE).
4.2 Transmission of Molecules
A communication based on the transmission of particles (i.e., molecules, silt, pollutants etc.)
can be explained using the mass transport phenomena. This can be briefly explained as the
exchange of mass, energy, charge and momentum between observed systems. Since molecu-
lar communications utilises the mass of the particles in the exchange between systems, Fick’s





The derivation of the Fick’s 2nd law can be seen in Appendix A. At micro scales (nm toµm)
the above equation can be used to model and explain the whole system. However, at macro-
scales (cm to m) the system needs external propulsion to transmit the chemicals. Therefore,
an additional parameter, the advection flux, is needed to introduce the flow component into
the system. To describe the system, a generalised expression of advection-diffusion (general
scalar transport [344]) is used:
59
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∂ c
∂ t
= D∇2c −∇ · (uc) + R. (4.2)
The derivation of the ADE from the continuity equation is shown in Chapter 2. To simplify
the equation, it is assumed that the diffusion coefficient is constant (∂ D/∂ t = 0), there are
no sources or sinks (R = 0), and the velocity has zero divergence (u ≡ 0). Based on these
definitions, the equation can be rewritten as:
∂ c
∂ t
= D∇2c −∇ · (uc). (4.3)
The solution for this equation can be derived based on the following initial boundary
conditions, known as “thin-film solution”:
c(|x |> 0, |y|> 0, |z|> 0, t0) = 0, (4.4a)
c(x = 0, y = 0, z = 0, t0) = M0δ(x)δ(y)δ(z), (4.4b)
c(|x | →∞, |y| →∞, |z| →∞, t) = 0. (4.4c)
where M0 is the initial mass injected into the environment (kg), x , y , z are the dimensions
in which the propagation takes place, t0 is the initial time (s) and δ(x), δ(y), δ(z) are the
Dirac delta functions of their respective dimensions. The mathematical definition of Dirac





1, x = 0,
0, x 6= 0.
(4.5)
Based on these boundaries to the PDE, the solution with no physical boundaries applied
to the propagation can be expressed as:













































where Dx , Dy and Dz are the diffusive coefficients in x , y and z coordinates respectively
(cm2/s), Ayz and Lz are the area-scale (m
2) and length-scale (m) of the neglected dimen-
sions. t is the duration of the experiment (s), c is the concentration of the chemical in 1D,
2D and 3D (kg/m, kg/m2 and kg/m3) and λx0 , λy0 and λz0 are the moving reference frames
with the following descriptions:
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λx0 = x − (x0 + ux t), (4.7a)
λy0 = y − (y0 + uy t), (4.7b)
λz0 = z − (z0 + uz t), (4.7c)
where x0, y0 and z0 are the injection points of the mass (m), ux , uy and uz are the mean
flow velocity (m/s) and ux t, uy t and uz t are the distances the centre of mass of the cloud
travelled (m) in a given time of t (s).
In macro-scale molecular communications, the diffusion (Dx , Dy and Dz) caused by the
particles may be governed by a combination of momentum and turbulent diffusion.
The equations given in Eq. (4.6) quantify the concentration value of the sample in a
given time (t) and space (x , y, z). By integrating the concentration function with respect
to distance (x , y, z) the particles that are present in the environment (θE) in a given time t
can be calculated:
θE(xd , t) =
∫ +xd
−xε
c(x , t) d x , (4.8a)





c(x , y, t) d x d y , (4.8b)







c(x , y, z, t) d x d y dz, (4.8c)
where xd , yd , zd are the distances from the detector to the origin point (m) and xε, yε, zε
are the distance that particles travel against the flow (m) in Cartesian coordinates (x , y, z).
As the system has no sink nor source (R= 0), the chemicals that are used in the transmission
can either be in transmission (θE) or have been absorbed by the detector (θ1). Therefore,
both the aforementioned mass values must add up to the initial introduction of mass (M0)
at the beginning of the transmission:
M0 = θE + θ1. (4.9)
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The mass absorbed by the detector (θ1), therefore, can be calculated by simply subtracted
from the initial mass (M0) [8, 9, 144]:
θ1(xd , t) = M0 −
∫ +xd
−xε
c(x , t) d x , (4.10a)





c(x , y, t) d x d y , (4.10b)







c(x , y, z, t) d x d y dz. (4.10c)
The closed-form solution for the mass absorption in 1D, 2D and 3D can be seen in Eq.
(4.11):





































































































exp (−t2) d t. (4.12)
The chemicals that are absorbed by the detector (θ1) in a given period of TS are given
in Eq. (4.13):
MR = θ1(xd , t = TS)− θ1(xd , t = 0), (4.13a)
MR = θ1(xd , yd , t = TS)− θ1(xd , yd , t = 0), (4.13b)
MR = θ1(xd , yd , zd , t = TS)− θ1(xd , yd , zd , t = 0). (4.13c)
Therefore, the removal of chemicals from the detector (θ0) to the outside environment
can be expressed by the following expression:
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As can be seen from Eq. (4.11) and Eq. (4.14) the mass parameter is different in each
equation: former being the mass injected into the environment (M0) and the latter is the
mass that is absorbed by the detector (MR). While the injected mass is a predefined value,
MR dynamically changes as the transmission evolves [8, 9].
The model that represents the transmission can be seen in Figure 4.1.
𝑢" (A) 𝑢" (C)







FIGURE 4.1: A diagram of the model used in the study. (A) At t = 0 s mass is injected into the
environment. This is defined by the initial boundary condition c(x0, t0) = M0 δ(x). (B) As the
transmission evolves, the particles start propagating via advection and diffusion. (C) When the
specified period is passed the transmitter stops releasing particles and transmits only advective flow.
(D) The flow then forces the particles to be transferred from the detector to the outside environment.
(E) After a finite amount has passed the particles are removed from the detector and transferred to
the outside environment. However, some particles are left in the detector, which can cause inter-
symbol interference for future transmissions (θISI ).
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4.2.1 Proposed Transmission Model
Based on the interaction of chemicals with the environment and the detector mentioned in
Section 4.2, experimental work was carried out and was validated by the use of the afore-
mentioned model in 3D. In the experimental setup, the flow occurs in the x-direction only.
Therefore (uy) and (uz) are assumed to be negligible :
uy = 0, uz = 0. (4.15)
The y and z coordinates of the environment are given the value of the radius of the
detector (RD):
yd = yε = RD, zd = zε = RD. (4.16)
In the propagation there are two types of diffusion, former being the longitudinal dif-
fusion (DL) and the latter being the radial diffusion (DT ). Because the advective flow (ux)
occurs in the x-direction, the particles propagate in the x-direction (i.e., increases the dif-
fusion in the x-direction). A final note is that the diffusion occurring along the x-axis is the
longitudinal diffusion and the diffusion happening in the y and z axes are defined as radial
diffusion (DT ):
DL = Dx , DT = Dy = Dz , DL  DT . (4.17)
Based on these definitions the equation that gives the absorbed mass by the detector
from the outside environment (θ1) and the mass removed from the detector to the outside
environment (θ0) given can be shown as:













































To model the effect of open air transmission an additional parameter, decay (λD), is required.
Therefore, to include this parameter in the model, the ADE is revisited.
∂ c
∂ t
=∇ · (D∇c)−∇ · (uc) + R. (4.19)
The system has no defined boundary (i.e., pipe), therefore the amount introduced by
the system will not be equal to the amount detected by the receiver since some amount of
particles will stray away from the path of the detector. This property can be modelled by
introducing a sink (R= −λDc) to the equation. Inserting this parameter to Eq. (4.19) yields:
















FIGURE 4.2: A Diagram showing the effect of open-air transmission.
∂ c
∂ t
=∇ · (D∇c)−∇ · (uc)−λDc, (4.20)
where λD is the decay parameter of the function (s
−1). The prototypical solution (c(x = 0,
t = 0) = M0δ(x)) to the given expression in Eq. (4.20) is given in Eq. (4.21):








(x − ux t)2
4Dx t
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4Dy t
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The equation above represents the concentration of the introduced sample in a given time
and space. By integrating the concentration function with respect to distance the particles
that are present in the environment can be calculated. To calculate the chemicals absorbed
by the detector, the integration function is subtracted from the injected mass [144]:







c(x , y, z, t) d x d y dz. (4.22)
The solution to the above Eq. (4.22) for open distance transmission with decay can be
obtained by integrating the concentration function in 3D Cartesian dimensions and subtract-
ing the original mass. This solution is given in Eq. (4.23):
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The chemicals that are absorbed by the detector from the outside environment (θ1) in a
given period of TS is given in Eq. (4.24):
MR = θ1(xd , RD, t = TS)− θ1(xd , RD, t = 0). (4.24)
Therefore, the removal of chemicals from the detector (θ0) to the outside environment
can be expressed by the following Eq. (4.25):
























As can be seen from Eq. (4.23) and Eq. (4.25) the mass parameter is different in each
equation: former being the mass injected into the environment (M0) and the latter is the
mass that is absorbed by the detector (MR). This process of introduction/removal of particles
can be seen in detail in [8]. To model the detrimental effects of open air transmission, the
decay parameter (λD) with respect to transmission distance (xd) is approximated using a
power equation with a and b being fitting parameters [347, 348]. The parameters of the de-
cay equation (a, b) can be influenced by numerous parameters, such as the temperature and
the pressure of the environment, particles and eddies present in the transmission medium.
λD (xd) = ax
b
d , a = 6.743× 10
−5, b = 2.616. (4.26)
While this decay function along with the equations developed are used in open-distance
transmission, the problems faced with closed source are different a different approach needs
to be implemented.
4.2.3 Closed-Boundary
To describe the closed boundary effect on the communication, the 3D solution to the PDE
given in Eq. (4.6c) is revisited:
c(x , y, z, t) =
M0
Æ




(x − ux t)2
4Dx t
−
(y − uy t)2
4Dy t
−




where Dx , Dy and Dz are diffusion coefficients of their respective dimensions (m
2/s) and
ux , uy and uz are the advective flow in x , y and z dimensions respectively (m/s). The
equation given in Eq. (4.27) shows the solution of system that has no boundaries, where
the chemicals are free to disperse or diffuse in any direction possible. To create a boundary
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effect on the propagation, the Cartesian definition of the function needs to be converted to
cylindrical coordinates which the following section focuses on.
4.2.4 The Radial-Advective-Diffusion Equation
Eq. (4.27) represents the concentration function in 3D Cartesian space and to describe
the cylindrical geometry of the transmission medium, the equation is converted to cylindrical
coordinates with the following transformations:
x = RM cosθ , y = RM sinθ z = z, (4.28a)
Dx = Dy = DT , Dz = DL , (4.28b)
ux = uy = ur , uz = uz . (4.28c)
where RM is the radius of the propagation medium (m). Following this conversion process,
Eq. (4.27) can be written in its cylindrical form:







(RM cosθ − ur t)2
4DT t
−
(RM sinθ − ur t)2
4DT t
−




This equation can be further simplified by using trigonometric identities (i.e., RM
2 =
RM
2 cos2 θ + RM 2 cos2 θ) and omitting the radial advective flow (ur = 0) to the following
expression:
















To create a boundary condition for this function, the method of mirror images is used. This
is a mathematical tool for solving PDEs by adding the mirror image of the function with
respect to the symmetry hyperplane.
For example to have a boundary at x = x0 in 1D, the same function is added at x = 2x0.
This ensures that the change of concentration at the defined boundary x0 equal to zero
(i.e., zero flux at the radial boundary of the pipe). However, as the transmission evolves,
more images are needed to maintain the accuracy of the function. Therefore, continuing the
example, mirror images are added at distances x = 4x0, x = 6x0 , ... .
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In the environment used in this study, there is only the radial no-flux boundary at RM ,
where RM is the radius of the boundary (m). If the transmission of particles is assumed to










Based on the boundary condition described in Eq. (4.31), the mirror functions can be im-
plemented to the concentration function in 3D which is given as:


















where n is the summation index. As can be seen in the equation above, the function is
independent from θ as it possesses angular symmetry. By integrating the concentration
function with respect to the cylindrical volume element the particles that are present in the




c dz r dr dθ . (4.33)
As the system has no sink/source (R= 0), the chemicals that are used in the transmission
can either be in the environment (θE) or have been absorbed by the detector (θ1). Therefore,
both the aforementioned mass values must add upto the initial introduction of mass in the
beginning of the transmission,
M = θE + θ1. (4.34)
The mass absorbed by the detector (θ1), can be calculated by subtracting from the initial
mass (M) [8, 10],
θ1(r, θ , z, t) = M − θE(r, θ , z, t), (4.35a)







c(r, θ , z, t) dz r dr dθ , (4.35b)
where xd is the distance between the transmitter and the detector (m). The solution to this
equation, which expresses the absorbed particles by the detector, can be expressed as:
Chapter 4. Mathematics of Macro-Scale Molecular Communications 70


































































where i is the imaginary unit with the identity i2 = −1 and erfi (·) is the imaginary error
function with the following identity [346]:









Once the chemicals are absorbed by the detector, the removal process can be initiated.
To begin the calculation of the desorption process the particles that have been absorbed need
to be quantified. To achieve this, the travel time of the signal has to be taken into account.
As the chemical travels long distances, the response time is also delayed considerably and
therefore the removal of particles from the detector to the outside environment is also de-
layed by the same amount of time. Therefore, the particles that are absorbed by the detector
(MR) can be calculated as:
MR = θ1
 




RM , L, temp

, (4.38)
where TS is the symbol period (s) and temp is the empirically measured time for the detection
of chemical with respect to distance. The emprical fitting of this equation is given below and
the fitting process can be seen in Figure 4.4.
temp (L) = p1 L + p2, (4.39a)
p1 = 27.6, p2 = 16.51, (4.39b)
where p1 and p2 are the fitting parameters to the empirical fitting function. This parameter
would change depending on the chemical that is used for sending information and in this
study the function is based on acetone being the signal chemical. Based on these preliminary
definitions, the removal of particles from the detector to the outside environment can be
defined by the following function:
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FIGURE 4.4: Experimentally measured chemical detection with comparison to empirical fitting (lin-
ear R2 = 0.9891).


































































where LM is the distance between the membrane and the detector (m). It must be noted that
unlike the absorption process, where chemicals travel long distances to reach the detector,
in the desorption process the chemical propagation begins from the detector membrane and
ends at the outside environment (L LM ). A detailed description of introduction/removal
of particles can be seen in [8, 10] and a diagram of the model used in the study is presented
in Figure 4.3.
4.2.5 Calculation of the coefficient of Diffusivity
To calculate the longitudinal diffusivity coefficient of the propagation (DL), which plays a
pivotal role in this type of communication transmission, the characteristic properties of the
fluid motion must be established.
In a communication where particles are propagated through a medium, the main pro-
peller of these particles is the volumetric flow rate (Q). This is defined as the amount of
volume transported in a given amount of time (m3/s) and the velocity parameter (u) can be
obtained by dividing the volumetric flow rate by the cross-sectional area of the tube (A):











After obtaining the velocity parameter, the next characteristic of a fluid motion to be es-
tablished is whether the motion is laminar or turbulent. To calculate this value, the Reynolds





where ρ is the density of the fluid (kg/m3), uavg is the mean velocity of the fluid (m/s), LD
is the characteristic linear dimension of the environment (m). For the system in question it
is the diameter of the pipe, and η is the dynamic viscosity of the fluid (N · s/ m2).
4.2.5.1 Entrance Length
Entrance length is defined as the distance a flow travels after entering a pipe before the flow
becomes fully developed. Since the Reynolds number is low (Re < 2000) the flow can be
considered laminar and the entrance length for the system is calculated by the the following
equation [349]:
LE = 0.1 RM Re. (4.43)
4.2.5.2 Longitudinal Diffusivity
Longitudinal diffusivity is defined as diffusion paralel to the advective vector. As the flow is
laminar (Re < 2000) the longitudinal diffusivity can be calculated as [350]:







where Dm is the molecular diffusion (cm
2/s). The derivation of this equation can be seen in
Appendix B.
4.2.5.3 Transverse Diffusion
The presence of the membrane affects the transverse diffusion more profoundly than lon-
gitudinal since the main propagator of motion along the radial axis is diffusion rather that
advection aided diffusion seen in longitudinal diffusion. To calculate the coefficient, mean









((xn(t)− xn(0))) , (4.45)
where xn(0) is the initial position coordinate of the gas molecules and xn(t) is the position
coordinate of the gas molecule after time, t.
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FIGURE 4.5: A diagram of the algorithm used to simulate on-off keying (OOK) for macro-scale
molecular communications.
4.3 Simulation Framework
Based on the equation derived from Eq. (4.20), a simulation of the macro-scale molecular
communications is developed. The flowchart for the simulation can be seen in Figure 4.5
and the description of the simulation is as follows;
1. A state array of Γ and a frequency array k with a length of j is generated. The state
array describes the possible states (i.e., in OOK there are two states; 0 and 1) and the
frequency array describes the duration of occurrence of each state before changing
into a new state.
2. An initial definition of the captured mass (θA) is generated and given the value of
θA = 0 before any transmission commences.
3. The system checks the array to see if the first transmitted state in the array is 0. This is
done since the definition of the removal of particles (θ0) relies on the mass absorbed by
the detector (MR). Therefore, the removal of particles is not initiated and the captured
mass value is stays θA = 0 and the simulation continues to the next state in the array.
This process continues until the system detects a 1 in the state array (Γ ) and moves
the transmission window by the period of TS times the frequency array with the same
index. This check is carried out by the m parameter and once the simulation switches
from 0 to 1 for the first time the m parameter is assigned the value of m= 1 and stops
this loop until the termination of the simulation.
θA =

01, (x , k(1)×TS)

(4.46)
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4. The system checks the states in the array Γ ( j). If the bit value is 1, the system in-
troduces the chemicals into the system. The duration of the bit-1 is dependent on
the value of the frequency array k ( j) with the same index value. For example, for a
symbol duration of TS with three bit-1s, the total mass accumulated by the system is
θ1(x , 3TS) with each bit-1 value having θ1(x , TS), θ1(x , 2TS) and θ1(x , 3TS) respec-
tively. Based on this behaviour the captured mass is updated accordingly.
θA =

01, (x , k(1)×TS) θ1 (x , k (2)× TS)

(4.47)
This process can be seen in detail in Figure 4.6.
5. After the system has accumulated particles from the bit-1 transmission (θ1), when the
next state is 0 and based on the value the system flushes the chemicals relative to the
particles already in the system (MR) and continues to remove the particles from the
detector until state array moves to the next value.
θA =

01, (x , k(1)×TS) θ1 (x , k (2)× TS) θ0 (x , k (3)× TS)

(4.48)
6. When the next bit-1 is to be transmitted, the leftover chemicals are added to the par-
ticle introduction.




01, (x , k(1)×TS) θ1 (x , k (2)× TS) · · · θΓ ( j) (x , k ( j)× TS)

(4.49)
8. Before the simulation concludes, additive white Gaussian noise (AWGN) is added to
the simulated signal [9].
The pseudo-code for an OOK transmission 3D environment is given overleaf. The first
part of the algorithm converts a given bit array into two different arrays: (i) state array (ii)
frequency array. The second part of the algorithm is to simulate the transmission based on
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the two generated arrays.
Algorithm 1: Macro-Scale Molecular Simulation
Input: xd (distance), xε (distance), ux (advective flow), DL , DT (diffusivity),
M0 (injected mass), TS (bit duration), B (bit array)
1 i = 0; w = 1; h = 1; // Definition of loop parameters
2 Converting the message (B) array to state and frequency (k) arrays
3 for h = 1 to card (B) do
4 if h=1 then
5 i = i + 1; R(w) = B(h); P(w) = i;
6 else if B(h− 1) = B(h) then
7 i = i + 1; P(w) = B(h); R(w) = i;
8 else if B(h− 1) 6= B(h) then
9 P(w) = i; w = w + 1;
10 R(w) = B(h); i = 1;
11 if h = card (B) then
12 P(w) = 1; w = w + 1;
13 end
14 end
15 Γ = [0 R]; k = [0 P];
16 θA = 0; // Initialisation of the transmission
17 for j = 2 to card (Γ ) do
18 if Γ ( j) > Γ ( j − 1) then // When state 1 is detected
19 MA = θA(end);
20 for t = 1 to k ( j)× TS do
21 Q(t) = MA+ Γ ( j)− Γ ( j − 1)−
1
















22 θ1(t + TS) = Q(t);
23 end
24 else // When state 0 is detected
25 MR = θ(end);
26 for t = 1 to k ( j)× TS do
















28 θ1(t + TS) = Q(t);
29 end
30 end
31 Tt = k( j)× TS + Tt ;
32 end
33 θ1 = θ1 + N (µN ,σ2N ); // Addition of white Gaussian noise
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4.4 Conclusions
In this chapter, the mathematical description that is used throughout the thesis is described.
The process of particle transport across an environment can be explained by the use of the
advective-diffusion equation (ADE). The model is based on the mass exchange between the
detector and the environment. Depending on the environment (i.e., boundary, open space)
the equation that describes the evolution can change, and are described for both open dis-
tance and closed distance. In addition, the diffusion parameter for closed-distance transmis-
sion is investigated in detail. The chapter concludes by describing the simulation framework
used throughout the study.
Three chapters follow that use the experimental setup described in Chapter 3 and the-
oretical model developed in Chapter 4. The next chapter describes the fundamental pa-
rameters of macro-scale molecular communication. These parameters play a pivotal role in
describing the limit of the communications. From these limitations, reliable communication
methods can be developed and analysed which are studied in Chapter 6. Chapter 7 focuses
on further improving the communication speed and the mutual information of the system






M olecular communication at the macro-scale (cm to m) is still in its infancy com-pared to micro-scale and experimentally the parameters that govern the commu-nication are yet to be studied analytically and experimentally. As with any com-
munication paradigm, parameters play a pivotal role in the communication performance
and the limits in which communication can be achieved. In this chapter, the properties of
macro-scale molecular communication are investigated both experimentally and theoreti-
cally. These include:
• Environmental Noise: Non-messaging chemicals in the transmission medium.
• Signal Flow: Mass of the messaging chemical species.
• Carrier Flow: The speed in which the chemicals propagate.
• Pulse Duration: Duration in which the chemicals are released from the transmitter.
• Open Distance Transmission: Chemicals propagating in a medium with no boundary.
• Closed Distance Transmission: Chemicals propagating in a medium with a boundary.
To test these parameters, an in-house-built odour generator (OG) was used to generate
the chemicals pulses and a quadrupole massanalyser (QMA) for detection. The experimental
setup used in the chapter can be seen in detail in Chapter 3. The theoretical comparisons
done in this chapter are based on the mathematical model given in Chapter 4.
The chapter is organised as follows. Section 5.2 focuses on the noise present in the
environment and analysis was carried out on the determination and the characteristics of the
noise. In Section 5.3 the signal flow (q) is analysed in terms of signal amplitude, signal shape,
signal energy and signal-to-noise ratio (SNR), the same approach is applied to carrier flow
(Q) and pulse duration (tb) which can be seen in Section 5.4 and Section 5.5, respectively.
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The second part of the chapter (5.6 and 5.7) focuses on the distance parameter as it
is the defining character that influences the signal attenuation. To analyse this effect on
the communication two types of distances were analysed: open-air transmission discussed
in section 5.6 and closed-air transmission discussed in section 5.7. Both scenarios were
experimented with 6 different lengths and repeated 3 times to determine stabilised variation.
5.2 Noise Analysis
To analyse the noise of the environment, the detector was left monitoring the background
noise. The background noise of the system can be caused by numerous parameters such as
leftover chemicals within the MS vacuum chamber, pressure differences in the inlet of the
MS or ambient chemicals in the air that produce a similar m/z ratio to the m/z ratio value
of the signal chemical. The cumulative density function (CDF) of the observed background
noise can be seen in Figure 5.1a and the frequency spectrum of the noise can be seen in
Figure 5.1b.
(A) (B)
FIGURE 5.1: (A) Experimental data (—) along with the theoretical fit (—) of the environmental
noise. (B) FFT analysis of the noise.
In order to quantify the fitting of the distribution, F(x), to the empirical CDF, Fn(x), the




As can be seen from the distribution fit of data (Figure 5.1a), the results strongly suggest a
Gaussian distribution (i.e., normal distribuion) for the noise in the system. Aside from having
a DC offset value (caused by the particles present in the environment) which can be seen
in Figure 5.1b, the noise is behaving as white noise, where there is no discernible dominant
frequency component. Therefore, in a macro-scale molecular communication with a MIMS
detector, the model of the noise can be defined as AWGN with the following expression:
N (µN ,σN 2). (5.2)
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5.3 Signal Flow
Signal flow (q), for the communication in question, is defined as the concentration value
of the chemical that is used in the transmission of the information. In this experiment the
signal flow is generated from volatile organic compounds (VOCs) in gas form. In addition,
since this property in the experimental setup is by nature flow, and not a direct injection of
particles, the absorbed mass by the detector can change if the carrier flow (Q) property is
varied which will be discussed in Section 5.4.
TABLE 5.1: Parameters for signal flow study
Experimental Parameter Symbol Value Unit
Tracked signal flow ion m/z 43 Da
Carrier flow Q 750 ml/min
Bit duration tb 300 s
Acetone detection delay [45] td 15 s
Flush duration t f 90 s
Transmission distance xd 2.5 ±0.1 cm
Carrier flow pressure PF 1 bar
Diffusivity of acetone in air D 0.124 cm2/s
Theoretical Parameter Symbol Value Unit
Advective flow in x-axis ux 0.02 cm/s
Advective flow in y-axis and z-axis uy & uz 0 cm/s
Transmission distance xd 2.5 cm
Longitudinal diffusivity DL 0.15 cm
2/s
Radial diffusivity DT 1× 10−3 cm2/s
Detector radius RD 0.3 cm
Noise mean & variance µN , σ
2
N 1.21, 0.096 pA, W/ion
In the setup, discussed in detail in chapter 3, this property is controlled by using mass
flow controllers (MFCs) and an automation platform. The details of the experimental setup
can be seen in Chapter 3.
An experiment was conducted to test the communication properties of the signal flow
(q) for molecular communications in macro-scale. Both theoretical and experimental pa-
rameters for the study are given in Table 5.1. The theoretical model is described in detail in
Chapter 4.
5.3.1 Experiment Methodology
The experiment start by transmitting only carrier flow (Q) to the inlet of the detector for
90s, defined as t f to clear the detector from any residual chemicals present in the inlet
or the environment. After t f time has passed, the transmitter initiates the signal flow (q)
transmission, along with the carrier flow for propagation (q +Q), for the duration of 300s.
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This time frame is defined as tb. The experiment concludes by transmitting only carrier flow
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tb tf
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Q = 750 
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xd = 2.5 cm
FIGURE 5.2: Experimental diagram of the signal flow study.
5.3.2 Signal Properties
The results for the signal flow study can be seen in Figure 5.3a for the transmitted signal and
Figure 5.3b for the maximum amplitude of the signal current compared with the theoretical
model discussed in Chapter 4.
(A) (B)
FIGURE 5.3: (A) Experimental results of the signal flow study. (B) Experimental along with theoret-
ical comparison of signal amplitude. (Equations used in modelling: Eq. 4.11c and Eq. 4.14c)
As can be seen, the signal current increases in amplitude in relation to the introduced
signal flow and the relation between these parameters is linear as seen in Figures 5.3a and
5.3b. However, the increase of signal creates increased distortion which can be observed
in Figure 5.3a. Therefore to quantify this distortion, the variance (σ2) of the signal when
signal flow is varied is measured.
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(A) (B)
FIGURE 5.4: (A) Signal variance of the experimental data (•) with approximation (Eq. (5.5) (—).
(B) Signal correlation values (•).

















Based on the experimental results, the variance (Var(E)) of the signal with respect to the
signal flow (q) can be seen in Figure 5.4a. The relation between the variance and the signal
flow can be approximated as:
Var(E)≈ 0.001q2. (5.5)
The rise of variance with increased signal flow is due to the fact that as the signal flow
(q) increases, the chemicals present in the communication increase as well, which increases
the number of particles diffused in a way that is detrimental to the transmitted signal.
To measure whether the signal retains the shape as the signal flow changes the Pearson





where E represents the experimental data and T represents the theoretical data. The results
can be seen in Figure 5.4b. As it can be seen the signal quantity increase has a negative effect
on the correlation to the original signal (q = 1 ml/min). This is caused by the diffusion of
particles which in turn is caused by increased introduction of chemicals into the system.
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5.3.3 Signal Energy and SNR
When a sample is to be analysed by a MS, the sample is ionised and detected by a detector.
The detector produces current from the introduction of the samples (θA). Therefore, the
energy of a continuous signal (β), can be calculated as:











When the sample is introduced into the detector (θ1), the energy generated by the sample
can be calculated as:






































































When the introduction is finalised and the mass remaining in the detector starts propa-
gating from the inlet to the outside environment due to bulk flow (θ0) the sample energy is
defined as:




































































Therefore, the the energy generated by the signal can be expressed as:








|θ0(xd , RD, t)|2d t. (5.10)
Based on Eq. (5.7) - (5.10), it can be seen that the signal flow parameter (M0 and MR)
has a quadratic relation to the energy the signal produces. However due to the presence of
error functions in the equation, the comparison of experimental results to derived data was
done numerically, which can be seen in Figure 5.5a.
To calculate the signal-to-noise ratio of the system the following equation is used:
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(A) (B)
FIGURE 5.5: Experimental (•) along with theoretical comparison (—) of: (A) signal energy, (B)
signal-to-noise ratio (SNR).
where N0 is the power of the noise (W). In this study, the noise power is used as the vari-
ance σ2N calculated in the noise analysis done in Section 5.2. The results for the SNR value
comparison can be seen in Figure 5.5b. As can be seen, the theoretical model shows reason-
ably strong agreement with the experimental results with small deviations from the model
caused by the complex interactions with the membrane.
5.3.4 Modelling the Signal
To test the validity of the model described in Chapter 4, experimental values (q = 1 ml/min
· · · 10 ml/min) are compared to the the theoretical model of their respective signal flow
values. The result of this comparison can be seen in Figure 5.6a and Figure 5.6b. As can
be seen, the model shows agreement with the experimental results. However, it should be
pointed out that the chemicals that are “removed”(i.e., depleted) from the the system occur
in a faster rate than the model would normally predict. This can be caused by the membrane
in the inlet sampling probe of the detector.
The Pearson correlation, given in Eq. (5.6), for the signal flow study can be seen in Table
5.2. As can be seen in the Table, the model is able to predict the signals that were generated
experimentally with acceptable accuracy (ρ ≥ 0.9), whereas the model shows high accuracy
in predicting the maximum signal amplitude and signal energy (ρ ≥ 0.99). The following
section will focus on the effect of the carrier flow (Q) on the transmitted signal.
TABLE 5.2: Correlation (ρ) results of signal flow study .
Signal Parameters Signal Modelling
Signal amplitude 1 ml/min 2 ml/min 3 ml/min 4 ml/min 5 ml/min
0.9962 0.9043 0.8809 0.9580 0.9808 0.9847
Energy SNR 6 ml/min 7 ml/min 8 ml/min 9 ml/min 10 ml/min
0.9950 0.9924 0.9955 0.9953 0.9958 0.9943 0.9920
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(A) (B)
FIGURE 5.6: Experimental and theoretical comparison of the signal shape in the signal flow study:
(A) odd numbered signal flow values, (B) even numbered signal flow values. (Equations used in
modelling: Eq. 4.11c and Eq. 4.14c).
5.4 Carrier Flow
Carrier flow can be defined as the flow which aids the transmission from the transmitter to
the receiver. The flow decreases the amount of time needed to travel the distance thereby
increasing the transmission speed, however the introduction of a carrier flow decreases the
concentration of the signal flow which decreases the amplitude of the signal. To test the
effect of the carrier flow on the transmission, an experiment was conducted. The parameters
for the experiment are given in Table 5.3.
TABLE 5.3: Parameters for carrier flow study
Experimental Parameter Symbol Value Unit
Tracked signal flow ion m/z 43 Da
Signal flow q 8 ml/min
Bit duration tb 300 s
Acetone detection delay [45] td 15 s
Flush duration t f 90 s
Transmission distance xd 2.5 ±0.1 cm
Carrier flow pressure PF 1 bar
Diffusivity of acetone in air D 0.124 cm2/s
Theoretical Parameter Symbol Value Unit
Introduced mass M0 2.4 ng
Advective flow in y-axis and z-axis uy & uz 0 cm/s
Transmission distance xd 2.5 cm
Detector radius RD 0.3 cm
Longitudinal diffusivity DL 0.14 cm
2/s
Radial diffusivity DT 1× 10−3 cm2/s
Noise mean & variance µN , σ
2
N 1.21, 0.096 pA, W/ion
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5.4.1 Experimental Methodology
The experiment starts by transmitting only carrier flow to the detector for 90s, defined as
t f to clear the detector from any residual chemicals present in the inlet or the environment.
After t f time has passed, the transmitter initiates the signal flow transmission, along with
the carrier flow for propagation, for 300 s. This time frame is defined as tb. The experiment
concludes by transmitting only carrier flow for 90 s, defined as t f . The signal flow is kept
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FIGURE 5.7: Experimental diagram of the carrier flow study
5.4.2 Signal Properties
The results of the carrier flow transmission experiments can be seen in Figure 5.8a and
Figure 5.8b and the maximum amplitude values of each transmission can be seen in Figure
5.9.
As it can be seen, the signal sees a decrease in amplitude as the flow velocity is increased.
This is due to the decrease in the concentration of the signal chemicals that are transmitted.
This effect occurs due to two properties: the way chemicals are transmitted in the experi-
mental design and the carrier flow. Increased carrier flow decreases the amount of chemicals
that are transmitted from the mixing chamber to the transmission medium. As the carrier
flow is increased the pressure in the mixing chamber increases as well, which in turn causes
a negative effect on the introduction of the signal flow into the evaporation chamber (EC).
The carrier flow is made up from fast moving particles (N2) that mix with the signal
chemicals to aid the propagation. This in turn, however, decreases the concentration of
the signal chemicals and decreases the maximum attainable signal. Since the detector is
tracking a specific m/z value (i.e., 43) the detector won’t pick up on any signal generated
by the carrier flow, therefore high flow values are detrimental to the signal amplitude.
Both these properties can be approximated by the following equation:













exp (−tz) d t. (5.13)
By introducing the Eq. (5.12) into the simulation framework given in Chapter 4, the new
mass can be calculated. Based on this, it can be seen in Figure 5.9 that the model shows an
agreement to the experimental results of the signal amplitude.
(A) (B)
FIGURE 5.8: Experimental results of the carrier flow (Q) experiments.
As the carrier flow increases, the shape of the signal becomes similar to that of a square
wave. This behaviour can be explained by taking the limit of the absorbed concentration
function θ1(xd , RD, t):
lim
ux→∞
θ1(xd , RD, t) = Mn. (5.14)
FIGURE 5.9: Comparison of the maximum signal amplitude of the transmitted signal (•) and the
values generated by the theoretical model (—). (Equations used in modelling: Eq. (5.12))
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This occurs due to the dominance of the flow (i.e., advection) rises and the effect of
random movements (i.e., diffusion) becomes less apparent. This effect can be also seen in
the variance (σ2) of the signal in Figure 5.10a. The decrease in signal correlation can also
be observed in Figure 5.10b, however unlike the signal flow where diffusion plays a role, in
carrier flow the decorrelation is caused by the lack of particles in the system and the signal
level approaching the background noise of the detector, therefore decreasing the correlation
value.
(A) (B)
FIGURE 5.10: (A) Signal variance of the carrier flow study. (B) Signal correlation values of the
carrier flow study.
5.4.3 Signal Energy and SNR
The energy generated by the transmitted signal for the carrier flow experiment can be cal-
culated from Eq. (5.7) - (5.10). The only difference is the introduction mass needs to be
recalculated based on Eq. (5.12). Due to the complexity of the equations, as mentioned
in the signal flow experiment, numerical results are calculated and used for comparison to
experimental data. The results can be seen in Figure 5.11a for signal energy and in Figure
5.11b for SNR values.
5.4.4 Modelling the Signal
In Figures 5.12a, 5.12b, 5.12c and 5.12d the comparison of experimental signals (E) to the
modelled signals (T ) for each carrier flow test are shown. As can be seen, the model is
able to predict the signal in lower flow values, however as the flow is increased the model
diverges from the experimental data. It must be noted of the initial pulse occurring in the
beginning of the test. This initial pulse can occur due to various effects of the membrane
inlet of the detector. These include, leftover chemicals in the membrane, chemicals lingering
in the detector etc.
The correlation values for the carrier flow study can be seen in Table 5.4. As can be seen,
the theoretical model shows acceptable prediction up to carrier flow values of 3000 ml/min
(ρ ≥ 0.9). At high flow values the model still can predict the signal, however due to the
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(A) (B)




FIGURE 5.12: Experimental along with theoretical comparison of the bulk flow study. (Equations
used in modelling: Eq. 4.11c and Eq. 4.14c)
increased effect of the noise, the correlation value is less than in low flow values (ρ ≥ 0.78).
The decrease of the correlation value can also be caused by the initial pulse generated by
each experiment. This is caused by unwanted chemicals in the detector or in the vicinity of
the detector. In low flows this effect is negligible (i.e., Figure 5.12a). However when the
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flow is high, (i.e., Figure 5.12d) this initial pulse becomes significant enough to impact the
correlation between the experimental data and the model.
TABLE 5.4: Correlation (ρ) results of bulk flow study
Signal Properties Signal Modelling
Signal Amplitude 500 ml/min 750 ml/min 1000 ml/min 1250 ml/min 1500 ml/min
0.9947 0.9867 0.9880 0.9805 0.9798 0.9791
Signal Energy SNR 1750 ml/min 2000 ml/min 2250 ml/min 2500 ml/min 2750 ml/min
0.9966 0.9936 0.9753 0.9655 0.9594 0.9313 0.9086
3000 ml/min 3250 ml/min 3500 ml/min 3750 ml/min 4000 ml/min
0.9069 0.8893 0.9169 0.8830 0.8015
4250 ml/min 4500 ml/min 4750 ml/min 5000 ml/min
0.9213 0.9053 0.8742 0.7824
5.5 Transmitted Bit Duration
Transmitted bit duration (tb) is the time each bit is given between two flushing times. De-
pending on the duration given, different properties of the communication system might
occur and play a major role and hinder the property. One of the properties and a problem
for molecular communication is the leftover chemicals influencing the next bit. This effect,
known as Inter-symbol Interference (ISI), is a problem that limits the throughput of the
system. The parameters for experimental and modelling used in the bit duration study are
given in Table 5.5.
5.5.1 Experimental Methodology
The experiment starts by transmitting only carrier flow to the detector for 90s, defined as
t f to clear the detector from any residual chemicals present in the inlet or the environment.
After t f time has passed, the transmitter initiates the signal flow transmission, along with
the carrier flow for propagation, for an initial value of 90s with 30s increments up to 360s.
This time frame is defined as tb. The experiment concludes by transmitting only carrier flow
for 90 s, defined as t f . The signal flow is kept constant at q = 8 ml/min and the carrier flow
is set to Q = 750 ml/min. The diagram for the experiment can be seen in Figure 5.13.
5.5.2 Signal Properties
The experimental result for the transmitted signal with varying bit duration can be seen
in Figure 5.14. It can be seen that as the bit duration (tb) is increased the signal sees an
increase in its amplitude in Figure 5.15a. This arises due to the increase exposure to the
signal chemicals. Since the window in which signal transmitted increases, more mass is
absorbed by the detector. This effect can be observed clearly in Figure 5.14 and for the
maximum amplitude in Figure 5.15a
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TABLE 5.5: Parameters for bit duration experiment
Parameter Symbol Value Unit
Tracked signal flow ion m/z 43 Da
Signal flow q 6 ml/min
Carrier flow Q 1000 ml/min
Acetone detection delay [45] td 15 s
Flush duration t f 90 s
Transmission distance xd 2.5 ±0.1 cm
Carrier flow pressure PF 1 bar
Diffusivity of acetone in air D 0.124 cm2/s
Theoretical Parameter Symbol Value Unit
Introduced mass M0 2.4 ng
Advective flow in x-axis ux 0.02 cm/s
Advective flow in y-axis and z-axis uy & uz 0 cm/s
Transmission distance xd 2.5 cm
Detector radius r 0.3 cm
Longitudinal diffusivity DL 0.14 cm
2/s
Radial diffusivity DT 1× 10−3 cm2/s
Noise mean & variance µN , σ
2
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FIGURE 5.13: Experimental diagram of the bit duration study.
This increase in amplitude is better for detection. However, as more mass is absorbed by
the detector, more mass needs to be removed from the detector to the outside environment
as this effect of absorption/desorption was explained in Chapter 4. After flushing, whatever
remains may cause ISI and decrease the performance of the communication. This increase
in the background signal current (i.e., leftover from the bit transmission) can be observed
in Figure 5.15b.
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FIGURE 5.14: Results of the bit duration study.
(A) (B)
FIGURE 5.15: Experimental (•) along with theoretical (—) comparison of (A) maximum signal am-
plitude, (B) leftover signal from the bit duration study. (Equations used in modelling: Eq. 4.11c
and Eq. 4.14c)
However the rise of both the amplitude and the background signal decreases as bit length
is increased. This behaviour is due to the detector reaching the point where it absorbs all
the chemicals in the bit transmission (i.e., saturation of the membrane inlet).
5.5.3 Signal Energy and SNR
Experimental results along with theoretical comparsion to signal energy and SNR can be
seen in Figure 5.16a and Figure 5.16b respectively.
As can be seen the model shows acceptable prediction with experimental results up to
270 s. However, due to the membrane presence in the detector, the experimental values
start saturating after this point.
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(A) (B)
FIGURE 5.16: Experimental (•) along with theoretical (—) comparison of (A) Signal Energy (B)
Signal-to-Noise ratio.
5.5.4 Modelling the Signal
The theoretical comparison with experimental data can be seen in Figure 5.17a and Figure
5.17b. The correlation values for the bit duration study can be seen in Table 5.6.
(A) (B)
FIGURE 5.17: Experimental along with theoretical comparison of the bit duration study. (Equations
used in modelling: Eq. 4.11c and Eq. 4.14c)
As can be seen from both Figures and the correlation value table, the model shows strong
agreement with the experimental data (ρ ≥ 0.97). However, it must be noted that there is a
divergence between the rise rate. This can be caused by the membrane interaction between
the signal chemical and the detector.
5.6 Open-air Transmission
Transmission distance plays an important role in defining the limitations of a communication
method. Unlike EM type communication, propagation is done via the motion of particles
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TABLE 5.6: Correlation (ρ) results of bit duration study
Signal Parameters Signal Modelling
Signal Amplitude Leftover Signal 90 s 120 s 150s 180 s 210 s
0.9567 0.9570 0.9384 0.9682 0.9665 0.9806 0.9755
Signal Energy SNR 240 s 270 s 300s 330 s 360 s
0.9682 0.9930 0.9781 0.9787 0.9853 0.9808 0.9792
TABLE 5.7: Parameters for open-air transmission study.
Experimental Parameter Symbol Value Unit
Signal flow (Acetone) q 8 ml/min
Tracked signal flow ion m/z 43 Da
Carrier flow Q 750 ml/min
Bit duration tb 60 s
Acetone detection delay [45] td 15 s
Flush duration t f 60 s
Carrier flow pressure PF 1 bar
Environment pressure PE 1.008 ± 0.002 bar
Environment temperature TE 293.5 ± 0.2 K
Diffusivity of Acetone in Air D 0.124 cm2/s
Theoretical Parameter Symbol Value Unit
Introduced mass M0 1.2 ng
Advective flow in x-axis ux 0.18 cm/s
Advective flow in y-axis and z-axis uy & uz 0 cm/s
Longitudinal diffusivity DL 0.15 cm
2/s
Radial diffusivity DT 1× 10−4 cm2/s
Detector radius RD 0.3 cm
Noise mean & variance µN , σ
2
N 1.21, 0.096 pA, W/ion
Decay parameter a 7.5× 10−5 -
b 2.616 -
and therefore can experience higher attenuation, and without a guided medium (i.e., open-
air) this can be even worse. To experimentally analyse the attenuation, an experiment was
conducted. The experimental parameters along with the theoretical parameters used in
modelling can be seen in Table 5.7.
5.6.1 Experimental Methodology
The experiment was conducted by varying the transmission distance (xd) from 2.5 cm to
15.0 cm. The transmission of the signal starts with 60s of flush (t f ). This is done by sending
only the carrier flow (Q) and is used to clean up the sensor from the leftover chemicals by
the signal flow (q). This is followed by a 60s pulse (tb) of chemicals (Q+ q) and finally 60s
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of flush (Q) at the end of the experiment. Each transmission experiment was repeated 3















0 50 100 150 200 250
tb tf
q = 8 ml/min
tf
Q = 750 ml/min
xd = 2.5 cm
xd = 5.0 cm
xd = 7.5 cm
xd = 10.0 cm
FIGURE 5.18: Experimental diagram of the open-air transmission study.
5.6.2 Signal Properties
To model the system, the equations derived in Section 4.2.2 are used. It is assumed that the
noise is AWGN and present at the receiver. The experimental transmission in open-air can
be seen in Figure 5.19a and the results of the open-air transmission with comparison to the
theoretical model can be seen in Figure 5.21. The amplitude values compared to theoretical
values for each distance is given in Figure 5.19b.
(A) (B)
FIGURE 5.19: (A) Experimental results of the open-air study. (B) Experimental (•) along with
theoretical (—) values of maximum signal amplitude.
As it can be seen in Figure 5.21 and Figure 5.19b, the model shows agreement with
experimental results. However, it should be noted that as distance increases, the fluctuation
in the signal sees a noticeable increase which can be seen in Figure 5.21e and Figure 5.21f.
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It can also be seen that at a distance of 15 cm (Figure 5.21f) the fluctuations caused by the
noise start playing a bigger role in the signal which causes a decrease in the accuracy of the
model.
The signal experiences increased distortion as the distance is increased. This distortion
and the loss in the amplitude are due to outside interferences affecting the transmission
(particle collisions in the medium or the diffusive properties causing the chemicals to miss the
detector). When the transmission distance is increased further than 10 cm, the amplitudes
of the retrieved signals are measured as 12.7× 10−12 and 5.2× 10−12 A for 12.5 cm and 15
cm respectively which compared to amplitude at 2.5 cm, 1.06× 10−9 A is close to two orders
of magnitude lower.
(A) (B)
FIGURE 5.20: Experimental (•) along with theoretical (—) comparison of; (A) comparison of ex-
perimental along with theoretical values of signal energy, (B) experimental along with theoretical
values of signal to noise.
5.6.3 Signal Energy and SNR
Based on Eq. (5.7) - (5.10), the energy of the transmitted signal is calculated numerically
and the comparison can be seen in Figure 5.20a. As it can be seen, the theoretical model
shows agreement to the experimental results and shows a non-linear behaviour as distance
increases. It must also be noted that after a certain amount of distance (xd > 15 cm) the
energy of the transmitted signal dissipates and only the energy produced by the noise (N0)
remains which can be seen in Figure 5.20a. Unlike an EM system, where N0 is defined as
W/Hz, in molecular communications it can be defined as W/chemical or W/ion. It also must
be noted that the noise power is different for different chemicals, which will be analysed in
Chapter 7. The SNR comparison can be seen in Figure 5.20b.
5.6.4 Modelling the Signal
To show the validity of the model, 6 experimental results were compared with the theoretical
model which can be seen in Figure 5.21a for 2.5 cm, Figure 5.21b for 5 cm, Figure 5.21c
for 7.5 cm, Figure 5.21d for 10 cm, Figure 5.21e for 12.5 cm and Figure 5.21f for 15 cm.




FIGURE 5.21: Open-Air transmission along with theoretical comparison (A) 2.5 cm (B) 5 cm (C) 7.5
cm (D) 10 cm (E) 12.5 cm (F) 15 cm
As can be seen for short distances the signal shape and its amplitude can be relatively be
predicted by the mathematical model. However, as distance sees an increase, due to the
environmental effects, the signal becomes increasingly unpredictable which results in lower
correlation values that can be seen in Table 5.8.
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TABLE 5.8: Correlation (ρ) results of open-air transmission study
Signal Parameters Signal Modelling
Signal Amplitude 2.5 cm 5 cm 7.5 cm
0.9963 0.9696 0.9154 0.8910
Signal Energy SNR 10 cm 12.5 cm 15 cm
0.9935 0.9946 0.9309 0.8458 0.5951
5.7 Closed-air Transmission
One of the major problems of open-air transmission is the high attenuation the signal experi-
ences as it propagates through space. This is caused by the diffusion of the particles and loss
of direction as distance increases. To overcome this, a boundary can be implemented to the
transmission medium to protect the transmitted signal from dispersing to other directions.
It this parameter analysis, the attenuation of the signal travelling in a confined medium is
studied.
TABLE 5.9: Parameters in the closed-distance study
Experimental Parameters Symbol Value Unit
Tracked Signal Ion m/z 43 Da
Signal Flow q 8 ml/min
Carrier Flow Q 750 ml/min
Carrier Flow Pressure PQ 1 atm
Vacuum Pump Pressure PV 2.4× 10−6 torr
Environment Pressure PE 1 ± 0.003 bar
Environment Temperature TE 297.35 ± 1.5 K
Inner Tube diameter din 19.80 mm
Outer Tube diameter dout 24.25 mm
Acetone detection delay [45] td 15 s
Theoretical Parameters Symbol Value Unit
Density of the fluid ρD 1.165 kg/m
3
Mean velocity of the fluid u 2× 10−2 m/s
Hydraulic diameter of the pipe DH 2× 10−2 m
Dynamic viscosity of the fluid η 1.76× 10−5 Ns/m2
Reynolds Number Re 26 -
Laminar diffusion DL 0.168 cm/s
Shear Stress τ 1.4× 10−4 Pa
Darcy-Weisbach friction factor fD 2.46 -
Shear Flow u∗ 1.1× 10−2 m/s
Transient diffusion DTL 11.2 cm/s
2
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The experimental parameters along with the theoretically calculated values can be seen
in Table 5.9. The mathematical model used to describe the propagation is explained in
chapter 4, section 4.2.3
5.7.1 Experimental Methodology
The experiment starts by transmitting only carrier flow (Q) to the detector for 60s to clear

























Q = 750 ml/min
xd =  50 cm
xd = 100 cm
xd = 150 cm
xd = 200 cm
FIGURE 5.22: Experimental diagram of the closed-distance study.
After 60s has passed, the transmitter initiates the signal flow transmission, along with
the carrier flow for propagation, for 60 s. This time frame is defined as tb. The experiment
concludes by transmitting only carrier flow for 480 s. The experimental setup can be seen
in Figure 5.22.
5.7.2 Signal Properties
The experimental results of the closed boundary transmission can be seen in Figure 5.23a.
As can be seen, the signal behaves in a non-linear fashion and with each consecutive increase
in the distance, the signal amplitude decreases and causes delay in the arrival of the signal.
This delay caused by the increase of distance can be seen in Figure 4.4.
As can be noted, the theoretically generated signal shows agreement with the exper-
imentally obtained results. Finally the maximum signal amplitude generated from these
transmissions with comparison to the theoretical calculations can be seen in Figure 5.23b
with additional theoretical comparisons of two different radii: 0.9 cm and 1.1 cm. The
effects of the radius of the boundary shows that small changes in the boundary has a sig-
nificant effect on the signal arrival and the attenuation. Increasing the radius increases the
attenuation and detection delay whereas decreasing the radius has the inverse effect. The
reason of this observation is due to the radial diffusion propagation and particle collisions





















FIGURE 5.23: (A) Experimental results of closed-boundary transmission. (B) Experimental results
along with the theoretical comparison of the maximum signal amplitude of closed boundary trans-
mission.
with the boundary where bigger radius would allow more particles to disperse, decreasing
the overall signal amplitude.
5.7.3 Signal Energy and SNR
In this study the energy of the theoretically generated signal is calculated using the following
equations. The major change between the following calculation and the Eq. (5.7) - (5.10)
is the inclusion of the propagation delay (temp). In previous section, due to the short trans-
mission distance (xd  1 m) the delay caused by propagation was considered negligible.
However, as distance is expressed in m instead of cm, the delay must be taken into account
in calculations.










































































The second is when the mass is being removed from the detector.
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where TF is the duration of the flush.
β (L; LM , RM , t) = β1
 
L, RM , temp : TD + temp

+ β0(LM , RM , temp : TF + temp) (5.17)
The experimental values obtained from this study along with theoretical comparisons
can be seen in Figure 5.24a. As can be seen, the theoretical results of RD = 1 cm shows
agreement with experimental results and additional theoretical results show the behaviour
of the signal with different radius values.
As the radius of the transmission medium is increased, the cross-sectional area of the
flow is also increased, which in a system with a constant flow, would entail that the average















FIGURE 5.24: (A) Experimental results along with the theoretical comparison of the signal energy
of closed boundary transmission (B) Experimental results along with the theoretical comparison of
the Signal-to-Noise ratio (SNR) of closed boundary transmission.
To calculate the signal to noise ratio, Eq. (5.11) is used along with the plot of experi-
mental along with theoretical comparison can be seen in Figure 5.24b. As can be seen from
the plot the signal sees an increase in its SNR values as the transmission distance increases
and the increase of the radius of the transmission medium further decreases the value of the
SNR, however, the effect of radius on the SNR value loss seems negligible until a distance of
1 m.




FIGURE 5.25: Experimental results along with theoretical comparison for each experimental trans-
mission (A) 0.5 m (B) 1 m (C) 1.5 m (D) 2 m (E) 2.5 m (F) 3 m.
5.7.4 Modelling the Signal
To test the validity of the closed transmission of molecular communication in modelling
the propagating signal, the model developed in chapter 4 is compared with each different
transmission distance. The results for the comparison can be seen in Figures 5.25a, 5.25b,
5.25c, 5.25d, 5.25e, 5.25f for 50 cm, 100 cm, 150 cm, 200 cm, 250 cm and 300 cm, re-
spectively. As can be seen, the model is able to predict the signal with acceptable accuracy
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(ρ > 0.87) up to 250 cm. However, the model starts deviating from the experimental signal,
not from amplitude, but from rise and fall time. This effect can be caused by the effects of
the membrane acting on the signal. The correlation values for the modelling of closed-air
transmission study can be seen in Table 5.10.
TABLE 5.10: Correlation results of closed-air transmission study.
Signal Parameters Signal Modelling
Signal Amplitude 50 cm 100 cm 150 cm
0.7982 0.9052 0.9170 0.9448
Signal Energy SNR 200 cm 250 cm 300 cm
0.9935 0.9946 0.8995 0.7685 0.9006
5.8 Conclusions
In this Chapter, five main properties of macro-molecular communications are analysed: sig-
nal flow (q), carrier flow (Q), bit duration (T) open-air transmission and closed-air trans-
mission. Signal flow generates the signal used in transmission and the carrier flow aids
in the transmission by decreasing the time of response. To test these properties an experi-
mental setup was utilised, consisting of a in-house built odour generator that generates the
necessary pulses to create chemical messages and a quadrupole mass analyser (QMA) with
a membrane inlet to detect the transmitted chemical messages. Experiments on the signal
analysis show that the signal energy is quadratically dependent on the signal flow intro-
duced into the system. Carrier flow (Q) behaves in a more complex way compared to the
signal flow and has both advantages and disadvantages. The presence of the carrier flow
decreases the effect of the diffusive properties of the signal chemicals and makes the signal
behave similar to that of a square wave, but the carrier flow also diminishes the signal am-
plitude and therefore the energy, which can make the detection of the signal a challenge if
the transmission is along a considerable distance. An experiment was conducted to test the
effects of bit duration of the communication system. The leftover chemicals from the trans-
mission see an increase as the bit duration is increased however, after a certain bit duration
length, the system reaches a stable point which may be the effect of the membrane in the
system.
The open-air transmission shows that the chemical signal experiences high attenuation
whereas the propagation of chemicals in a closed environment is able to transmit chemicals
longer distances that are not possible using open-air transmission.
The next chapter will focus on the communication aspect of molecular communications.
Chapter 6
Modulation Analysis of Molecular
Communications in the Macro-Scale
6.1 Introduction
M olecular communication at the macro scale (cm to km) is a novel way of trans-mitting information compared to the heavily studied micro-scale (nm to µm).While in Chapter 5 the parameters of the macro-scale were studied experimen-
tally and theoretically, additional analysis is needed to understand this novel communication
and implement it as a communication paradigm.
In this chapter, both experimental and theoretical modulation analysis of macro-scale
molecular communications are conducted. The experimental studies were made on the MC -
ary MC = 2 (i.e., 0, 1), MC = 4 (i.e., 00, 01, 10, 11) and MC = 8 level transmission. A
Symbol Error Rate (SER) study of molecular communications of 2-ary modulation is also
tested. In addition, a theoretical analysis of an SER study was also conducted based on
the simulation model given in chapter 4, which also shows the consistency with the exper-
imental results. Molecular Inter-Symbol Interference (Mo-ISI) is discussed and an optimal
transmission duration is calculated. Finally, a channel model is developed to explain the
asymmetrical nature of the communications.
The major contributions of this chapter are as follows;
1. MC -ary Transmission study: A comparison was made with experimental data of MC -
ary transmission of three levels (MC = 2, MC = 4 and MC = 8) and for three different
symbol periods ( Ts = 30 s , Ts = 60 s and Ts = 90 s) which shows that the simulation
framework can be used to model molecular communications at the macro-scale.
2. Molecular ISI (Mo-ISI): A study was made to analyse the effects of Molecular ISI
(Mo-ISI) in macro-scale molecular communications. The model developed in Chapter
4 is shown to have strong agreement with the experimental results. Mathematical
equations were derived from the model to analytically calculate the residual chemicals
from different types of transmissions.
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3. Optimal Symbol Duration: An optimal symbol duration time is calculated by maxi-
mizing the error function (erf(·)) used in the solution for the advection-diffusion equa-
tion.
4. MC -ary SER Analysis: An SER analysis was conducted both experimentally (MC = 2)
and theoretically (MC = 2, 4, 8, 16 and 32).
5. Message Transmission Experiment: An experimental transmission of a message en-
coded to chemicals was conducted. The transmitted message was compared to the
theoretical model developed in Chapter 4.
6. Molecular Channel: The type of the channel is defined as asymmetric and the capacity
of the communication is described based on the asymmetric nature of the communi-
cation.
7. Parameter effect on SER, MI and Distribution of Received Symbol Values: A theo-
retical study of the Mutual Information (MI), SER and distribution of received symbol
values was made on the four parameters: transmission distance (xd), advective flow
(ux), longitudinal diffusivity (DL) and symbol period (TS).
The structure of the Chapter is as follows. In Section 6.2 the experimental results along
with theoretical comparisons are described for the MC -ary transmission. In Section 6.3,
Molecular ISI is studied. Two types of experiments were conducted (k and o/z) and analysed
with the theoretical model developed in Chapter 4. Section 6.4 presents the experimental
transmission of a message using chemicals. In Section 6.5 the channel capacity is described
and MI is calculated. Section 6.6 discusses the experimental analysis of MC = 2 modulation
along with theoretical comparisons to MC = 2, MC = 4, MC = 8, MC = 16 and MC = 32. In
Section 6.7 the effects of various parameters on the achievable mutual information and SER
are simulated based on the framework mentioned in Chapter 4. In Section 6.8 an analysis
was made on the symbol distribution of a 4-ary transmission and the variance (σ2) of the
symbols is discussed. The chapter ends with conclusions in Section 6.8.
6.2 M-ary Transmission
MC -ary transmission is a type of modulation in which instead of relying on the transmission
of one bit at a given time, multiple bits are transmitted. The experimental parameters of the
M-ary transmission can be seen in Table 6.1. In the experiment 3 bit durations were tested:
30s, 60s and 90s. The message that was chosen for transmission is “MCX” in American
Standard Code for Information Interchange (ASCII).
6.2.1 2-Ary Transmission
In 2-ary transmission, two levels of concentration are used in the transmission the values
and its corresponding bit values can be seen in Eq. (6.1).
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TABLE 6.1: Parameters for MC -ary transmission study.
Experimental Parameter Symbol Value Unit
Tracked signal flow ion m/z 43 Da
Carrier flow Q 750 ml/min
Acetone detection delay [45] td 15 s
Transmission distance xd 2.5 ± 0.1 cm
Environment pressure PE 1 ± 0.003 bar
Carrier flow pressure PF 1 bar
Vacuum pump pressure PV 1.95× 10−6 torr
Environment temperature TE 297.35 ± 1.5 K
Diffusivity of acetone in air1 D 0.124 cm2/s
Theoretical Parameter Symbol Value Unit
Advective flow in x-axis ux 0.02 cm/s
Advective flow in y-axis and z-axis uy & uz 0 cm/s
Transmission distance xd 2.5 cm
Detector radius RD 0.3 cm
Longitudinal diffusivity DL 0.15 cm
2/s
Radial diffusivity DT 1× 10−3 cm2/s
Noise mean & variance µN , σ
2
N 1.21, 0.096 pA, W/ion
1 Normal air and temperature
X = {0, 8} (6.1a)
Y = {0, 1} (6.1b)
The experimental results along with comparison to the theoretical model can be seen
in Figures 6.1a, 6.1b and 6.1c. As it can be seen, the distinction between two states is dis-
cernible even on the shortest bit duration and the theoretical model shows strong agreement
with the experimental results. Even though, the clarity between bits is high, the throughput
of the communication is low since only 1 bit is transmitted during a given symbol time.
6.2.2 4-Ary Transmission
In 4-ary transmission, four levels of concentration are used in the transmission. The values
and its corresponding bit values can be seen in Eq. (6.2).
X = {0, 3,6, 9} (6.2a)
Y = {00, 01,10, 11} (6.2b)




FIGURE 6.1: Experimental (—) along with theoretical (—) comparison of M-ary experiments. (A)
2-ary transmission with bit duration of 30s. (B) 2-ary transmission with bit duration of 60s. (C)
2-ary transmission with bit duration of 90s. (D) 4-ary transmission with bit duration of 30s. (E)
4-ary transmission with bit duration of 60s. (F) 4-ary transmission with bit duration of 90s. (G) 8-
ary transmission with bit duration of 30s. (H) 8-ary transmission with bit duration of 60s. (I) 8-ary
transmission with bit duration of 90s. (Equations used in modelling: Eq. 4.11c and Eq. 4.14c)
The experimental results along with comparison to the theoretical model can be seen in
Figures 6.1d, 6.1e and 6.1f. The MC = 4 level modulation transmission has shown some
detrimental effect due to doubling the bits transmitted in a given second. However, the
signals of 60s and 90s bit duration shows clear distinction between levels, however the level
differences is smaller in 30s transmission.
6.2.3 8-Ary Transmission
In 8-ary transmission, eight levels of concentration are used in the transmission and the
corresponding bit values can be seen in Eq. (6.3). The results show the effect on increasing
the transmitted bits per second from 2 to 3 has increased the ISI in the system.
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TABLE 6.2: Parameters for Mo-ISI transmission study.
Experimental Parameter Symbol Value Unit
Tracked signal flow ion m/z 43 Da
Carrier flow Q 750 ml/min
Acetone Detection delay [45] td 15 s
Transmission distance xd 2.5 ± 0.1 cm
Environment pressure PE 1 ± 0.003 bar
Carrier flow pressure PF 1 bar
Vacuum pump pressure PV 1.95× 10−6 torr
Environment temperature TE 297.35 ± 1.5 K
Diffusivity of acetone in air1 D 0.124 cm2/s
Theoretical Parameter Symbol Value Unit
Advective flow in x-axis ux 0.02 cm/s
Advective flow in y-axis and z-axis uy & uz 0 cm/s
Transmission distance xd 2.5 cm
Detector radius r 0.3 cm
Longitudinal diffusivity DL 0.15 cm
2/s
Radial diffusivity DT 1× 10−3 cm2/s
Noise mean & variance µN , σ
2
N 1.21, 0.096 pA, W/ion
1 Normal air and temperature
X = {0,1, 2,3, 4,5, 6,7} (6.3a)
Y = {000,001, 010,011, 100,101, 110,111} (6.3b)
It must be noted that the initial pulse differs from the predicted signal. This can be caused
by particle interaction with the membrane present in the inlet, However, as the transmission
evolves, the theoretical model predicts the experimental values accurately.
6.3 Molecular Inter-Symbol Interference (Mo-ISI)
To understand the behaviour of the bit transmission and the leftover chemical it leaves in the
detector, a series of experiments were conducted. In these experiments a sequence of bits
were transmitted. The experimental parameters for the experiments can be seen in Table
6.2.
The first set of experiments were done by sending a single 0 bit between increasing
amount of 1s (o/z = 1 is 10101..., o/z = 2 is 11011011... etc.).
The second set of experiments were conducted by sending equal amounts of 1’s and 0’s
(k = 1 is 101010..., k = 2 is 11001100..., k = 3 is 111000111... etc.).
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6.3.1 One-to-Zero (o/z) Experiments
The results for the o/z can be seen from Figure 6.2a to 6.2e with an additional one more
zero in each following Figure. As it can be seen , the more “0” present in the transmission,





FIGURE 6.2: Experimental (—) along with theoretical (—); (A) Bit transmission of 11111 0 11111
pairs. (B) Bit transmission of 11111 00 11111 pairs. (C) Bit transmission of 11111 000 11111 pairs.
(D) Bit transmission of 11111 0000 111111 pairs. (E) Bit transmission of 11111 00000 11111 pairs.
(F) Bit transmission of 1 0 1 pairs. (G) Bit transmission of 11 00 11 pairs. (H) Bit transmission of
111 000 111 pairs. (I) Bit transmission of 1111 0000 1111 pairs. (Equations used in modelling: Eq.
4.11c and Eq. 4.14c)
6.3.2 k Experiments
The experimental results of sending equal amounts of 1s and 0s can be seen from Figures
6.2f, 6.2g, 6.2h and 6.2i. As it can be seen when a single sequence of 101010... is transmit-
ted, the system takes time for the absorption/removal process to reach equilibrium. This is
due to the way the system absorbs and cleans out the particles inside the detector.
When the system introduces the particles into the detector, the system absorbs based on
how much the bit gives in addition to the background noise and when the system clears out
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the particles from the detector, the flushing will be proportional to the already present parti-
cles in the system. This flushing will increase when the detector has more particles. This will
continue until the particles in the system becomes high enough that add/remove function of
the communication equalises. However, when the system introduces more particles before
a flushing occurs the system needs less pairs to stabilise. This is due to the removal and
absorption processes that are directly proportional to the mass injected and mass present
in the detector respectively. More mass absorbed by the detector causes more mass to be
removed in the removal process, decreasing the time it takes to reach equilibrium.
6.3.3 Residual Background Signal
One of the important aspects of molecular communications is the leftover particles that de-
crease the amount of information that can be transmitted in a given symbol period. This
property is unique to molecular communications. In electromagnetic (EM) communica-
tions, the interference is normally constant (i.e., N0 stays stable). However, in molecular
communication, the residual chemicals from 1-bit symbol can gradually increase the desired
level and if the symbol duration is not kept at a reasonable duration, it will cause incorrect
decoding. To model the ISI the equation derived in Eq. (4.11) is used. In this model the ISI
can be modelled based on the interaction of the absorption (θ1) and the removal (θ0) of the
particles. To simplify the equation, the part of the function where the absorption occurs is
defined as:






































































































In the first part of the experiment (k study) equal numbers of bits (U1 = U0) were sent
in sequence. A diagram of this kind of transmission can be seen in Figure 6.3 (A). Based on











U i+1υ , (6.5)
where υ is the dimension operator (i.e., υ = 2 for 2D). In the second part of the experiment
(o/z study) an uneven amount of 1’s and 0’s is sent in sequence (U1 6= U0).The diagram for
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U iυ0 . (6.6)
If the transmission has an even amount of state changes between bits 1 and 0, which can



















and if the transmission has an odd amount of state changes, the equation can be written






















The results of the leftover background-noise experiment compared to the theoretical
model can be seen in Figures 6.4a and 6.4b for a o/z study and k study, respectively.
(A) (B)
FIGURE 6.4: (A) Experimental results of the leftover chemicals from k experiment along with the-
oretical comparison. (B) Experimental results of the o/z bit transmission with comparison to the
theoretical model. (Equations used in modelling: Eq. 4.11c and Eq. 4.14c)
As can be seen, the model agrees well with the experimental data when the leftover parti-
cles from the transmission create a large amount of interference. However, as the chemicals
create less and less interference, the model prediction becomes less accurate. This is due
to the effect of the ambient noise playing a more important role. To mitigate the effect,
an optimal time for the symbol period can be calculated based on the equations derived in
Chapter 4.
The Optimal Symbol Period (OSP) can be calculated by maximising the value in the error
function erf(·). For the detector to retain no chemicals from transmission the error function
must produce the value 1. However, due to the impracticality of this (erf(∞) = 1), a finite
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value must be chosen for the determination of the OSP. For a given value of n = 2 the error
function produces the value of 0.995, which can be used for the practical cases of molecular
communications.
By solving the error functions (erf (·)) present in the absorption/removal equations given
in Eq. (4.18), the optimal sampling period can be calculated. As can be seen in both equa-
tions, there are two error functions. The main differences being the distance values; former
being xd and latter being xε. Since the distance that chemicals travel against the flow is
negligible compared to the actual distance of the propagation (xd  xε) only the former
part of the equation is used in calculation of the optimal sampling period. For a given n
value the optimal symbol period (TOSP) can be calculated as follows:
nx =





















By solving the aforementioned equation with respect to TOSP two solutions (Tmax, Tmin)
can be derived which are presented below:
T1Dmax =
ux xd + 2Dn2x + 2nx
p




ux xd + 2Dx n2x − 2nx
p
Dx (Dx nx 2 + ux xd)
u2x
. (6.10b)
To calculate the 2D solution it is assumed the diffusion is homogeneous across all carte-
sian dimensions (Dx = Dy = Dz).
T2Dmax =






2Dnx ny + ux yd + uy xd
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2Dnx ny + ux y + uy x
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if T ≤ Tυmin , (6.12a)





if T ≥ Tυmax . (6.12c)
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As long as the above criterion in Eq. (6.12c) are not met, transmission will retain the ISI
during the communication. The presence of the ISI will shift the distribution of 0 bits to a
higher value as the transmission evolves, and if the receiver uses a static threshold detection
(τs), it will increasingly decode 0 wrongly as the transmission continues and will create an
uneven probability between p(1|0) and p(0|1), making the communication asymmetric.
6.4 Message Transmission Experiment
One of the major problems of using molecules in transmission is the leftover from previ-
ous chemicals. Chemicals sensors, therefore need to be cleaned in order to overcome the
problem of the memory effect. However, the sensor cleaning time can be long especially
with a membrane present in the detector, adding a further delay to the signal. Moreover,
because of the behaviour of molecular communications, the transmission time given for a
single bit may not be enough for the signal to reach to the background noise level, e.g., if
there is a single 0 between a string of 1’s, the 0 bit produces a higher signal current than the
background noise level at the beginning of the transmission (i.e., a single 0 cannot flush all
the chemicals leftover from consecutive 1’s). In addition, the next “1” bit adds additional
chemicals (θ1) to the leftover chemicals (θISI) which in turn produces even higher signal
current. Therefore, if there are more 1’s than 0’s present in the transmission this could lead
to an increase of the overall signal amplitude, making a simple threshold detector inefficient
at decoding the transmission correctly.
In the experimental transmission system, the signal current values (measured by the
QMA) for the “1” bit ranges from 0.1 nA to 0.53 nA and 0 ranges from 0.37 nA to 0.006 nA.
The overlaps between 0 values and 1 caused by the residual chemicals from the previous bit
can cause incorrect decoding of the transmitted signal. To overcome this, instead of relying
on the amplitude values of each bit, the behaviour of the bits relative to the previous bit was
investigated
6.4.1 Results
The properties of chemical transmission make the simple threshold detection inefficient be-
cause of varying amplitude values based on the residue chemicals from previous transmis-
sion, therefore a detection method based on relative bit value is better suited for this type
of communication system. The mechanism of the algorithm is as follows;
• The initial bit is determined by a predefined threshold in which this experiment is
defined as τs = 0.1 nA.
• The second bit is then defined relative to the previous decoded bit; if it is higher it is
defined as 1, lower it is defined as 0.
To avoid errors due to unpredicted signal amplitude changes (e.g., due to fluctuations in the
air), the following error correction routine was implemented:
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TABLE 6.3: Parameters for the message transmission study.
Experimental Parameter Symbol Value Unit
Tracked signal flow ion m/z 43 Da
Signal flow q 8 ml/min
Carrier flow Q 750 ml/min
Bit duration tb 20 s
Acetone Detection delay [45] td 15 s
Transmission distance xd 2.5 ± 0.1 cm
Carrier flow pressure PF 1 bar
Diffusivity of acetone in air1 D 0.124 cm2/s
Theoretical Parameter Symbol Value Unit
Injected Mass M0 0.4 ng
Advective flow in x-axis ux 0.12 cm/s
Advective flow in y-axis and z-axis uy & uz 0 cm/s
Transmission distance xd 2.5 cm
Detector radius RD 0.3 cm
Longitudinal diffusivity DL 0.124 cm
2/s
Radial diffusivity DT 1× 10−3 cm2/s
Noise mean & variance µN , σ
2
N 1.21, 0.096 pA, W/ion
1 Normal air and temperature
FIGURE 6.5: Experimental (—) along with theoretical (—) transmission of the message “Call Me
Ishmael”. (Equations used in modelling: Eq. 4.11c and Eq. 4.14c)
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• Every retrieved signal data was compared to the previous one and if the difference is
within a specified range it was defined as the previous bit. The range is calculated
empirically since every chemical will react differently with the detector. For acetone,
the range value coefficient assigned as kτ = 0.1.
The results of the transmission can be seen in Figure 6.5. In the experiment, a message
was sent in ASCII binary code. The message chosen was the first line from the novel Moby
Dick “Call me Ishmael” [355]. The message was converted to chemical data where bit “1”
was assigned as a signal gas pulse of 8 ml/min and bit “0” was with no pulse; and both bits
having a carrier flow of 750 ml/min nitrogen gas was used. Using a static threshold value
of τs = 0.191 nA, 5 bits out of 120 transmitted were decoded incorrectly however, with the
algorithm the decoding error value decreased to 1 bit in 120 bits. The errors occurred with
the threshold detection is due to the changing amplitudes of 0’s and 1’s as the transmission
evolves. The lower errors in the relative bit decoding shows that the algorithm is better at
decoding a molecular message than threshold detection.
6.5 Channel Capacity
When a 1-bit symbol is introduced to the detector, unless the symbol duration is shorter than
the optimal given in Eq. (6.12c), the detector will absorb less mass than it was introduced
into the environment. Moreover, since the flush mechanics relies on the particles that are
already in the detector, the bit 0 cannot remove all the particles in the detector in the given
time. Based on the ISI properties of the communication mentioned in the previous section,
the communication channel can be expressed as asymmetric. The diagram of the channel










FIGURE 6.6: Representative diagram of a binary asymmetric channel.
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To define the channel capacity, the mutual information (I(·; ·)) must be measured. The
channel capacity with a block length of n that possesses memory effects can be generalised






I(X n; Y n). (6.13)
The mutual information is a measure of how much one random variable tells about
another with the definition of it given below [82]:
I(X n; Y n) = H(Y n)−H(Y n|X n), (6.14)
where H(Y n) is the Shannon entropy of the probability vector Y and H(Y n|X n) is the con-
ditional entropy of Y given X . Based on the equations given in Eq. (6.13) and (6.14), the
achievable MI is calculated by simulating the probabilities based on the simulation frame-
work given in Chapter 4.
(A) (B)
FIGURE 6.7: (A) Theoretical results of the Symbol-Error Rate (SER) of MC -ary transmission. (B)
Theoretical results of the achievable mutual information (MI) rate of MC -ary transmission.
(xd = 2.5 cm, ux = 0.2 cm/s, DL = 0.124 cm2/s, TS = 60 s, M = 0.4 ng)
6.6 Symbol-Error Rate (SER)
To analyse the symbol-error rate (SER) properties of Macro-scale molecular communications,
an experiment was conducted, with the parameters of the experimental setup can be seen
in Table 6.4.
Bit duration of 5s, 10s, 15s and 20s are experimented. Each experiment transmitted 100
bits randomised with equal probabilities of 1s and 0s. In each experiment 300 µl of sample
is introduced into the Evaporation Chamber (EC). 5s, 10s, 15s and 20s experiments were
done 3 times and the average error is taken.
The experimental along with the theoretical comparison of SER can be seen in Figure
6.8a. The theoretically calculated MI based on the experimentally obtained SER can be
seen in Figure 6.8b. As it can be seen, the experimental results show agreement with the
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TABLE 6.4: Parameters for symbol error rate (SER) transmission study.
Experimental Parameter Symbol Value Unit
Tracked signal flow ion m/z 43 Da
Signal flow q 8 ml/min
Carrier flow Q 750 ml/min
Acetone Detection delay [45] td 15 s
Transmission distance xd 2.5 ± 0.1 cm
Environment pressure PE 1 ± 0.003 bar
Carrier flow pressure PF 1 bar
Vacuum pump pressure PV 1.95× 10−6 torr
Environment temperature TE 297.35 ± 1.5 K
Diffusivity of acetone in air1 D 0.124 cm2/s
Theoretical Parameter Symbol Value Unit
Injected mass M0 1 ng
Advective flow in x-axis ux 0.02 cm/s
Advective flow in y-axis and z-axis uy & uz 0 cm/s
Transmission distance xd 2.5 cm
Detector radius RD 0.3 cm
Longitudinal diffusivity DL 0.124 cm
2/s
Radial diffusivity DT 1× 10−3 cm2/s
Noise mean & variance µN , σ
2
N 1.21, 0.096 pA, W/ion
1 Normal air and temperature
numerical results obtained from the simulation (ρ = 0.94). A static threshold (τs) was used
in decoding of the received bits. The theoretical analysis of M-ary modulation in therms of
SER and MI can be seen in Figure 6.7a and Figure 6.7b respectively. To calculate the mutual
information for both experimental and theoretical results, the Shannon entropy along with
conditional entropy are calculated individually and subtracted from each other as shown in
Eq. (6.14).
6.7 Theoretical Results
In this section of the study, three parameters of the transmission are studied for symbol error
rate (SER) analysis and the channel capacity. These parameters are: transmission distance
(x), longitudinal diffusivity (DL) and advective flow (ux). Two types of comparisons were
made. Firstly, a comparison was made by varying the signal-to-noise ratio (SNR) for both
SER and mutual information and secondly, the parameter becomes the variable for SER
and mutual information to better observe the parameters effect on these communication
properties. The parameters used in the theoretical study can be seen in Table 6.5.
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(A) (B)
FIGURE 6.8: (A) Experimental (—) along with theoretical (—) comparison of the SER experiment.
(B) Achievable mutual information based on the theoretical model shown in (A).
TABLE 6.5: Theoretical parameters for symbol arror rate (SER) and mutual information (MI) study.
Theoretical Parameter Symbol Value Unit
Injected mass M0 1 ng
Transmission distance xd 2.5 cm
Advective flow in x-axis ux 0.1 cm/s
Advective flow in y-axis & z-axis uy & uz 0 cm/s
Longitudinal diffusivity DL 0.1 cm
2/s
Radial diffusivity DT 1× 10−4 cm2/s
Symbol duration TS 60 s
6.7.1 Symbol Duration
As it can be seen in Figure 6.9a and Figure 6.9b, as the symbol period is increased, the at-
tainable mutual information experiences an increase and the amount of errors in the system
decreases.
(A) (B)
FIGURE 6.9: (A) SER of different durations of symbol time (TS) values with respect to SNR. (B)
Achievable MI of different durations of symbol time (TS) values with respect to SNR.
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This behaviour is attributed to the amount of energy given per symbol (Es). As the symbol
time increases, the average energy per symbol will see an increase which is the primary factor
in improving the capacity and decreasing the produced SER. This effect can also be observed
in Figure 6.10a and Figure 6.10b where the increase of symbol duration increases the MI.
(A) (B)
FIGURE 6.10: (A) SER with increasing symbol duration (TS). (B) Achievable MI with increasing
symbol duration (TS).
6.7.2 Coefficient of Diffusivity
In Figures 6.11a and 6.11b, it can be seen that the increase of diffusivity has neglible effect
on the SER and the MI.
(A) (B)
FIGURE 6.11: (A) SER of different coefficients of diffusivity (DL) values with respect to SNR. (B)
Achievable MI of different coefficients of diffusivity (DL) values with respect to SNR.
This could be due to the fact that with the presence of an advective flow, the effect of
diffusion is suppressed where the increase of the parameter plays a minor role. However
in Figures 6.12a and 6.12b, it can be seen that with the increase of the SNR the effects of
diffusion become more noticeable and based on the simulation results, the effect seems to
increase the MI. However as stated the effect is negligible.
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(A) (B)
FIGURE 6.12: (A) SER with increasing coefficients of diffusivity (DL). (B) Achievable MI with in-
creasing coefficients of diffusivity (DL).
6.7.3 Transmission Distance
As it can be seen in Figures 6.13a and 6.13b, as the transmission distance is increased, the
attainable mutual information experiences a decrease and the amount of errors in the system
sees an increase.
This is caused by the insufficient time given for the detector to detect the particles. As dis-
tance increases, the propagation time increases as well and additionally the diffusive proper-
ties dilutes the transmission, where the chemicals start propagating in directions other than
the path of the advective flow, which increases the time needed to absorb all the chemicals
in the medium. The effect of increased transmission distance can be seen in Figures 6.14a
and 6.14b.
(A) (B)
FIGURE 6.13: (A) SER of different transmission distance (xd) values with respect to SNR. (B) Achiev-
able MI of different transmission distance (cd) values with respect to SNR.
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(A) (B)
FIGURE 6.14: (A) SER with increasing transmission distance (xd). (B) Achievable MI with increasing
transmission distance (xd).
6.7.4 Advective Flow
The effect of advective flow on the channel capacity can be seen in Figure 6.16b and 6.15b.
As the velocity of the transmission is increased, the channel capacity sees an increase with
a corresponding decrease in errors. This is caused by the effect of advection rather than the
effect of diffusion.
(A) (B)
FIGURE 6.15: (A) SER of different advective flow (ux) values with respect to SNR. (B) Achievable
MI of different advective flow (ux) values with respect to SNR.
The effect of advection has a higher increase in channel capacity than diffusion. The
effect of increasing the advective flow on the increase of the MI and the reduction of the
SER can be seen in Figures 6.16a and 6.15a.
6.8 Bit Distribution
To analyse the bit distribution of molecular communications, simulations were done by
changing the properties of the propagation. These are: longitudinal diffusivity, advective
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(A) (B)
FIGURE 6.16: (A) SER with increasing advective flow (ux). (B) Achievable MI with increasing ad-
vective flow (ux).
flow and the transmission distance. The effect of these parameters will be analysed by trans-
mitting 4-level transmission.
6.8.1 Symbol Period
The effect of symbol period on the symbol distribution can be seen in Figure 6.17a and
distribution variance in Figure 6.17b. As can be seen from both figures, the increase of
symbol period has a positive effect on the separation of the symbol distribution and decreases
the variance of the distribution of the symbols.
(A) (B)
FIGURE 6.17: Simulation results of the symbol distribution of the transmitted symbol. In the plot µ
are the mean value of the received mass of their respective symbol.
6.8.2 Advective Flow
Advection is defined as the transport of a substance by the use of bulk motion. In this chapter,
the advection is modelled as a 1-D vector in the x-direction and the effect of the flow on bit
distribution can be seen in Figure 6.18a. As can be seen, the increase in flow plays a major
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role in the decrease in the variance (σ2) of the distribution and the stability of the mean (µ)
of the distribution. The results show that a small increase in the flow plays a substantial role
in the separation of bits.
(A) (B)
FIGURE 6.18: Simulation results of the symbol distribution of the transmitted symbol. In the plot µ
are the mean value of the received mass of their respective symbol.
6.8.3 Diffusivity
Diffusivity is the action the particle take by utilising internal energy to propagate in a random
fashion. Some particles will move against the direction of the flow which causes delay in the
saturation and the flush of the signal, i.e. when bit 1 is introduced, the action of absorption
takes longer as diffusivity is increased and flush time is increased as diffusivity is increased.
(A) (B)
FIGURE 6.19: Simulation results of the symbol distribution of the transmitted symbol. In the plot µ
are the mean value of the received mass of their respective symbol.
Because of this, the effect of increased diffusivity does not have a profound effect on
the decrease of the bit distribution variance as advective flow. The results also show that
an increase in advection is a much better choice for improving the detection of bits than
increasing the diffusivity.
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6.8.4 Transmission Distance
One of the detrimental effects of molecular communication is the distance of transmission
(xd). Because the advective flow (ux) of the system cannot compensate for the increase
in distance, the detection of the chemicals gets delayed and particles that are sent get mis-
directed from the transmission path so that less particles arrive at the detector. Straying
from the path can be caused by numerous parameters such as diffusivity of the transmitted
particles, flow or collisions with particles present in the environment.
(A) (B)
FIGURE 6.20: Simulation results of the symbol distribution of the transmitted symbol. In the plot µ
are the mean value of the received mass of their respective symbol.
The distribution of chemicals with the transmission distance can be seen in Figure 6.20b
and the variance can be seen in Figure 6.20a. As can be seen the increase of distance causes
the bit distributions to merge. This in turn causes a decrease in correct decoding of the
message and given enough distance makes communication impossible.
6.9 Conclusion
This chapter presents an experimental and analytical study on the M-ary transmission prop-
erties of macro-scale molecular communications. As a transmitter, an in-house-built odour
generator was used and as a detector a mass spectrometer with a quadrupole mass analyser
(QMA) was utilised. MC = 2, MC = 4 and MC = 8 level transmissions were made experimen-
tally using a solution of acetone and methanol as the signal chemical. A simulation model
was developed based on the advection-diffusion equation and was compared to experimen-
tally detected signals. It was shown that the simulation agrees with the experimental results.
In addition, experimental results of the SER analysis of acetone on MC = 2 level modulation,
a theoretical analysis was made on the MC = 4 and MC = 8 level modulation along with
a theoretical comparison of MC = 2, which produced similar results to the experiment. A
binary asymmetric channel was used to model the channel capacity and determine the opti-
mum symbol rate for this particular macro molecular communications system. It was shown
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that the macro-scale molecular communication can be modelled and simulated using a vari-
ation of the advection-diffusion equation. In addition, parameters such as advective flow
aids in terms of reducing the SER more than increasing the diffusivity coefficient and the
distance at which transmission takes place has a detrimental effect on the channel capacity
of the system. An in-depth analysis into Mo-ISI was carried and by using the model devel-
oped in Chapter 4 it was shown that the model is able to replicate the experimental results.
From the model equations were derived that allow calculations of the ISI in a given trans-
mission. Based on the model discussed in Chapter 4, the bit distribution of the transmission
is studied for three parameters and their effects were discussed. The Following Chapter will





M olecular communication is an alternative to the present transmission techniques,using particles instead of waves. This change in the propagation methods opensnovel modulation methods not present in EM communication such as the char-
acteristics of the particle being transmitted. Every chemical, molecule and compound have
specific properties that make them unique and by exploiting this, the throughput and the
channel capacity of the molecular communication can be increased. However, to test mul-
tiple chemical transmission, a sensor that can distinguish chemicals by a specific property
must be used. As described in Chapter 3, a Membrane-Inlet Mass Spectrometer (MIMS)
with a Quadrupole Mass Analyser is used as the receiver. Mass spectrometers (MS) have
the ability to analyse and distinguish multiple chemicals simultaneously which makes it a
suitable detector for use in this application [250].
The novel contributions of the Chapter are as follows;
• Multi-Chemical Transmission: An experimental proof-of-transmission along with
theoretical comparison was conducted with additional analysis of multiple-chemical
noise.
• Molecular Quadrature Amplitude Modulation (MQAM): Influenced by its EM coun-
terpart, theoretical analysis was done on this modulation scheme with analysis on the
parameters of the communication for SER and MI.
• Chemical Time Offset Keying (ChToK): A modulation method is proposed based on
the relative position of signals in a given time-frame.
• Chemical Ratio Keying (ChRK): A modulation method is proposed based on the am-
plitude of the chemicals relative to each other in a given symbol period.
In the simulations conducted in the chapter, it is assumed that the transmission possesses
Additive White Gaussian Noise (AWGN) (N (µN ,σ2N )) based on the single chemical noise
analysis in [9] and the multi noise analysis conducted in this study. Finally, it is assumed
that there are no interferences between carriers.
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TABLE 7.1: Parameters for multi-chemical transmission study.
Experimental Parameter Symbol Value Unit
Tracked signal flow ion m/z 311, 432 Da
Signal flow q 8 ml/min
Carrier flow Q 750 ml/min
Transmission distance xd 2.5 ± 0.1 cm
Acetone Detection delay [45] td 20 s
Environment pressure PE 1 ± 0.003 bar
Carrier flow pressure PF 1 bar
Vacuum pump pressure PV 1.95× 10−6 torr
Environment temperature TE 297.35 ± 1.5 K
Diffusivity in air3 D 0.151, 0,1242 cm2/s
Theoretical Parameter Symbol Value Unit
Injected mass M0 1
1, 3.62 ng
Advective flow in x-axis ux 0.04 cm/s
Advective flow in y-axis & z-axis uy & uz 0 cm/s
Transmission distance xd 2.5 cm
Detector radius RD 0.3 cm
Longitudinal diffusivity DL 0.15
1, 0,1242 cm2/s
Radial diffusivity DT 0.005
1, 0.0032 cm2/s
Noise mean & variance µN , σ
2
N 1.21, 0.096 pA,W/ion
1 Methanol 2 Acetone 3 Normal air and Temperature
7.2 Multi Chemical Transmission
An experiment was undertaken to test the possibility of sending two chemical species simul-
taneously. To detect and analyse multiple chemicals simultaneously, a mass spectrometer
(MS) was used which its inner workings were described in detail in Chapter 3. The signal
chemicals were chosen as acetone with tracked ion of m/z 43 and methanol with tracked
ion of m/z 31. The experimental parameters used in the experiment can be seen in Table
7.1.
The experimental result of the transmission along with the theoretical comparison can
be observed in Figure 7.1a. As can be seen, two signal chemicals (acetone & methanol)
were transmitted simultaneously. However it must be noted that there is a difference in the
amplitude from the captured particle of two chemical species. This can be caused by numer-
ous effects such as the particles interaction with the detector inlet (i.e., PDMS membrane),
the presence of another messenger particles interaction, the ionisation efficiency of the sam-
ples inside the detector. In this transmission, acetone produced a higher signal current than
methanol. However, the retrieved signal of methanol (31 Da) has experienced considerable
amount of distortion compared to acetone (43 Da).
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(A) (B)
FIGURE 7.1: (A) Experimental results along with theoretical results of multi-chemical transmission.
(Equations used in modelling: Eq. 4.11c and Eq. 4.14c) (B) Experimental along with theoretical
fitting of multi-chemical noise.
The mathematical model presented in Chapter 4, Section 4.2.1 and its comparison to ex-
perimental data can be seen in Figure 7.1a. As can be seen, the model shows agreement with
the experimental data. To quantify the agreement with experimental data to the theoretical





where E is the experimental data and T is the theoretical data. Based on the equation,
Acetone produced a correlation coefficient of ρ = 0.96 and Methanol produced a correlation
coefficient of ρ = 0.94 showing that the model shows validity in analysing and predicting
multiple chemical transmission. A final comment needs to be made in the initial pulsation of
the methanol signal. This “transient” behaviour can be caused by the complex interactions
of the membrane and the chemicals. After the initial interaction the signal becomes easily
predictable by the model developed and presented in Chapter 4.
7.3 Multi Chemical Noise
One of the important limitations in a communication system is the disturbances in the en-
vironment which influences the transmission. The noise in molecular communications can
be caused by numerous effects. These include particles present in the environment, minute
pressure differences in the inlet of the detector, temperature and pressure of the environment
etc.. A study was done in [9] that shows experimentally that the noise of a single chemical
in the environment effecting the transmission is AWGN. In this experiment, the presence of
multiple chemicals noise is conducted to analyse the noise in a multi-channel transmission.
The experimental parameters can be seen in Table 7.2.
The results can be seen in Figure 7.1b. As can be seen the results show a strong relation
to Gaussian distribution for both mass-to-charge values. To quantify the goodness-of-fit,
Kolmogorov-Smirnov test is used [352]. The equation of this test is given below:
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TABLE 7.2: parameters for multi-chemical noise study.
Experimental Parameter Symbol Value Unit
Tracked acetone ion m/z 43 Da
Tracked methanol ion m/z 38 Da
Environment pressure PE 1.005 bar
Carrier flow pressure PF 1 bar
Vacuum pump pressure PV 2.85×10−6 torr
Environment temperature TE 291.85 K
Diffusivity of acetone in air 1 D 0.124 cm2/s
Diffusivity of methanol in air 1 D 0.15 cm2/s




Based on the test, the result for acetone is Dn = 0.0267 and for methanol is Dn = 0.0448,
which shows that the noise data is drawn from a Gaussian distribution with a significance
level of α = 0.05. From these results it can be seen that each chemical possesses a different
noise mean (µN ) and variance (σ
2
N ). In addition, from Figure 7.1a it can be seen that the
amplitude of signal reaches different values for different chemicals show that each chemical
has a different signal-to-noise ratio (SNR). The multi-chemical noise measured can be given
as:
µA = 1.45× 10−3, σA = 0.33× 10−3, (7.3a)
µM = 5.23× 10−3, σM = 0.57× 10−3. (7.3b)
7.4 Molecular Quadrature Amplitude Modulation (MQAM)
By using more than a single chemical species to transmit information, the amount of bits
encoded in a given symbol can be increased, which in turn increases the channel capacity
(C) of the transmission.
In this section a molecular analogy of quadrature amplitude modulation (QAM) is de-
veloped, whereby coding a bit value into the amplitude value of more than one chemical,
increases the number of bits in a symbol.
The amount of elements that can be coded to a molecular amplitude can be expressed by
the cardinality (i.e., number of elements in a set) of the input set with following equation:
card(M) = φCh, (7.4)
where φ is the number of modulated levels on the chemicals and Ch is the number of dis-
tinguishable chemicals used in the transmission of information. Based on this, the channel
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I(X n; Y n). (7.5)
In the above equation I(X n; Y n) represents the mutual information between the input
alphabet X and the output Y with the following identity [82]:
I(X n; Y n) = H(Y n)−H(Y n|X n), (7.6)
where H(Y n) is the Shannon entropy of the probability vector Y and H(Y n|X n) is the con-
ditional entropy of Y given X .
As mentioned previously, an advantage of molecular communication over conventional
EM communications is the ability to increase the amount of carrier signals in a given channel.
For example, in the experimental analysis shown in Figure 7.1a, it was shown that it is pos-
sible to transmit multiple chemicals at the same time. These chemicals have the possibility





FIGURE 7.2: A constellation diagram for use in molecular quadrature amplitude modulation
(MQAM).
Based on these experimental results shown in Figure 7.1a and Figure 7.1b a theoretical
analysis was carried out on multiple chemical transmission. In this analysis, two chemicals
were chosen as information carriers and assumed to cause no interference to each other. One
chemicals is given the designation θQ and the second chemical is defined as θI . Two levels of
mass were chosen (θQ = θI = 1, θQ = θI = 2) for encoding information. The constellation
diagram used in the simulation can be seen in Figure 7.2. Based on these descriptions the
SER and the MI can be seen in Figure 7.3a and Figure 7.3b respectively.
As can be seen, the maximum information (compared to Shannon’s Law [85]) sees a
considerable increase with each chemical species introduced, however the errors produced
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TABLE 7.3: Theoretical parameters of molecular quadrature amplitude modulation (MQAM).
Theoretical Parameter Symbol Value Unit
Injected mass M0 1 ng
Transmission distance xd 2.5 cm
Advective flow in x-axis ux 0.1 cm/s
Advective flow in y-axis & z-axis uy & uz 0 cm/s
Longitudinal diffusivity DL 0.1 cm
2/s
Radial diffusivity DT 1× 10−3 cm2/s
Symbol duration TS 20 s
Detector radius RD 0.3 cm
(A) (B)
FIGURE 7.3: (A) Simulation results of the SER of MQAM transmission. (B) Simulation results of the
MI of MQAM transmission.
from the constellation experiences a considerable increase as well. This is due to the increase
of symbols that can interfere with their neighbouring symbol values.
The upper bound symbol-error rate (SER) for the MQAM method with AWGN present in
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where MC is the number of constellations in the modulation and Eb is the energy per bit
(W ). The following subsection will focus on the effect of the three parameters ( longitudinal
diffusion, advective flow and transmission distance) on the MI and SER of the MQAM. The
values used in the theoretical study can be seen in Table 7.3.
7.4.1 Advective Flow
The effect of the advective flow (ux) on the modulation can be seen in Figure 7.4a. As it can
be seen, the increase of flow has a profound effect on the position of the detected mass values
(θI ,θQ). Lower velocity values have shown that the detected bit values are scattered away
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from the ideal RX value. Increasing the flow rate, decreases the variance of the detected mass
values and begins concentrating the values closer to the ideal RX value. The distribution of
masses with different advective flow can be seen in Figure 7.4d.
(A) (B)
FIGURE 7.5: (A) Simulation results of the SER of MQAM transmission for different advective flows.
(B) Simulation results of the MI of MQAM transmission for different advective flows.
The theoretical analysis of MC = 4 analysis for different advective flows can be seen in
Figure 7.5a for SER and Figure 7.5b for MI. As mentioned, advective flow plays a positive
role in increasing the MI and decreasing the SER encountered during transmission.
7.4.2 Coefficient of Diffusivity
(A) (B)
FIGURE 7.6: (A) Simulation results of the SER of MQAM transmission for different longitudinal dif-
fusion. (B) Simulation results of the MI of MQAM transmission for different longitudinal diffusion.
Diffusivity plays a negligible effect on the transmission as a whole which can be observed
in Figure 7.4b and the received mass distribution can be seen in Figure 7.4e. While the effect
is necessary for transmission without external energy, when an active transport is present,
the effect of diffusivity does not play a primary role on the clarity of the detected bits. This
is likely due to the dominance of the advective flow over the diffusivity of the transmitted
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chemicals. This effect can also be observed in SER and MI in Figure 7.6b and Figure 7.6a
respectively.
7.4.3 Transmission Distance
The effect of the transmission distance on the bit detection can be seen in Figure 7.4c and
on received mass distribution can be seen in Figure 7.4e. As can be seen when transmission
distance (xd) is increased, the divergence of the received bits from the ideal RX value also
increases. In addition, as distance is decreased, the concentration of received bits approach
closer to the ideal Rx value. Unlike the advective flow this behaviour is detrimental to the
























FIGURE 7.7: (A) Simulation results of the SER of MQAM transmission for different transmission
distance. (B) Simulation results of the MI of MQAM transmission for different transmission distance.
7.5 Chemical Time Offset Keying (ChToK)
An alternative way of modulating the signal is to add relative relations between each signal.
As it is in EM communication, an implementation of Phase Shift Keying (PSK) is implemented
into molecular communication in this study along with experimental test. The diagram of
this modulation can be seen in Figure 7.8 where T is the period of the pulse of a chemical
(s), δT is the time frame which the chemical can be shifted (s) and TF is the duration of the







If number of modulated levels (φ) are also implemented into the modulation, the equa-
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FIGURE 7.8: Diagram representing the chemical shift keying (ChSK).
This modulation, as can be seen has four parameters that can be used to increase the
number of bits transmitted. By introducing more chemicals to the modulation scheme, more
information can be encoded to a single pulse of chemical mixture. This modulation could
also be used for secure communication as the modulation can be established to be time
sensitive which can be used to transmit information in a secure manner. This, however
opens up additional problems that are needed to be overcome, the primary one being the
synchronisation between the transmitter and the receiver. In addition due to the chemicals’
diffusivity, physical limits are imposed on the time unit δT (i.e., Limit of Detection, Limit of
Quantification, Sampling Rate).
The sampling rate is determined by the sensor being used. For the QMA used in the
study, the sampling rate is determined by the mass range being scanned. For long mass
ranges (50-1050) the maximum scan rate is 8.3 Hz however, as the MIMS can only analyse
the samples that have a lower mass than 200 Da, the scan rate can be increased up to 28.14
Hz for use in multi-chemical communication.
7.5.1 Experimental Analysis
An experimental transmission of ChToK was done with the experimental parameters are
shown in Table 7.4. The experimental results of the ChToK can be seen in Figure 7.9. The
ASCII letter “x” was transmitted by using Acetone and Methanol as signal chemicals, where
in a given time frame, if the peak of the acetone appears first compared to methanol, it is
given the symbol 0, and symbol 1 is given for the inverse case.
It can be observed that the signal amplitude of each chemical reach different peaks. This
can be caused by various effects, such as inlet interactivity with chemicals, chemicals own
interactivity or chemicals inherent properties. In each chemical period T , there are two
distinguishable peaks, leading or lagging relative to Acetone. Figure 7.10 is shown for the
validation of the mathematical model in predicting the modulated signal for the transmission
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TABLE 7.4: Parameters for chemical time offset keying transmission study.
Experimental Parameter Symbol Value Unit
Tracked signal flow ion m/z 311, 432 Da
Signal flow q 8 ml/min
Carrier flow Q 750 ml/min
Acetone detection delay [45] td 20 s
Transmission distance xd 2.5 ± 0.1 cm
Detector radius RD 0.3 cm
Environment pressure PE 1 ± 0.003 bar
Carrier flow pressure PF 1 bar
Vacuum pump pressure PV 1.95× 10−6 torr
Environment temperature TE 297.35 ± 1.5 K
Diffusivity in air3 D 0.151, 0.124 2 cm2/s
Theoretical Parameter Symbol Value Unit
Advective flow in x-axis ux 0.02 cm/s
Advective flow in y-axis & z-axis uy & uz 0 cm/s
Transmission distance xd 2.5 cm
Detector radius RD 0.3 cm
Longitudinal diffusivity DL 0.15
1, 0.124 2 cm2/s
Radial diffusivity DT 0.001
1,1 cm2/s
Noise mean & variance µN , σ
2
N 1.21, 0.096 pA, W/ion
1 Methanol 2 Acetone 3 Normal air and temperature























Acetone leads Methanol - 0
Methanol leads Acetone - 1
FIGURE 7.9: Experimental transmission of acetone and methanol using ChToK.
of acetone chemical. As can be seen the mathematical model, described in Chapter 4, shows
agreement (ρ = 0.96) with the experimentally transmitted signal.
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FIGURE 7.10: Experimental transmission of the acetone (—) along with the theoretical comparison
(—). (Equations used in modelling: Eq. 4.11c and Eq. 4.14c)
7.6 Chemical Ratio Modulation (CRM)
One of the defining aspects of molecular communication is, as mentioned previously, the
possibility of transmitting multiple chemicals simultaneously. This approach allows imple-
mentation of novel modulation approaches that may not be common in EM communications.
One such being the use of multiple chemical ratios to transmit information. Here information
is encoded based on the ratio between two or more chemicals transmitting simultaneously.




































𝑀 Ch1, Ch2 = 2
𝑀 Ch1, Ch2 = 0.5





FIGURE 7.11: Diagram representing the chemical ratio keying (CRK).
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7.6.1 Calculation of the modulation matrix
To mathematically define the modulation, two chemicals (φA, φB) are used. Let φA and φB
be the chemicals with the following set:
φA =

φA0, φA1, φA2, . . . , φAi
	
, φA ⊆ N, (7.10a)
φB =

φB0, φB1, φB2, . . . , φB j
	
, φB ⊆ N. (7.10b)
















































However, this matrix will possess values that are equal in terms of ratio (i.e., 4/2, 6/3,
8/4, ...) which are not suitable for use in modulation and may cause confusion in decoding
the transmitted messages. The individuality of the ratios lies in the numbers that are co-
primes. Two integers φA, φB are co-prime if the only positive integer (factor) that divides
both of them is 1. Any ratio between two co-primes will produce a unique value in which
information can be encoded given enough precision by the detector and the transmitter. To
calculate the amount of combinations that can be generated, the Riemann-Zeta function is








The relation of the above function to the problem in hand is as follows. Let the sum













+ · · · , R(s)> 1, (7.14)



















+ · · · . (7.15)
The below equation represents the reciprocal of probability of s amount of numbers not
having a common divisor of 2:
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TABLE 7.5: Particular values of the Riemann-Zeta function.
Parameter Function Closed Form Value OEIS
ζ(2)1 1+ 122 +
1
32 + · · ·
π2
6 1.6449 . . . A013661
ζ(3)2 1+ 123 +
1
33 + · · · — 1.2020 . . . A002117
ζ(4) 1+ 124 +
1
34 + · · ·
π4
90 1.0823 . . . A013662
ζ(5) 1+ 125 +
1
35 + · · · — 1.0369 . . . A013663
ζ(6) 1+ 126 +
1
36 + · · ·
π6
945 1.0173 . . . A013664
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ζ(s) = 1. (7.18)
The above expression gives the reciprocal probability of s amount of numbers having no













The right hand expression given in Eq. (7.19) is described as the Euler product which
is an infinite product indexed by prime numbers. This connection allows the quantification
and the calculation of the unique values of the modulation with high accuracy. While there
are no closed form for odd values for Riemann-Zeta function, the closed form function for





where B2n is the Benoulli number. Particular values of the Riemann-Zeta function for s =
2· · ·6 can be seen in Table 7.5.
Based on the aforementioned equations, the number of individual values in a modulation
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TABLE 7.6: Experimental parameters for chemical ratio keying (ChRK).
Experimental Parameter Symbol Value Unit
Tracked ion m/z 431, 422, 573 Da
Carrier flow Q 1000 ml/min
Detection delay [45] td 151, 142, 201 s
Diffusivity in air D 0.1241,0.071,
0.113
cm2/s
Inner tube diameter φin 19.80 mm
Outer tube diameter φout 24.25 mm
1 Acetone 2 Cyclopentane 3 n-Hexane
In the above-given example, two chemicals were used. The amount of modulated values





Comparison of actual individual values to estimated ones along with estimation error
can be seen in Figure 7.12a and Figure 7.12b respectively.
(A) (B)
FIGURE 7.12: (A) Comparison of the unique values of the ratio modulation (—) comparison to the
function φAφB
π2
6 . (—)(B) Relative error (η%) of the φAφB
π2
6 approximation.
To test the proposed modulation scheme, an experiment was conducted with the param-
eters given in Table 7.6.
7.6.2 Experimental Analysis
In this setup, a clear acrylic tube is used to initiate a long distance transmission to show the
resilience of the modulation to signal attenuation.
The experimental results can be seen collectively in Figure 7.14. From (a) to (d) the
effect of attenuation for three chemicals by increasing distance can be observed. Decrease of
signal strength is to be expected. However, it must be noted that each chemical experiences
attenuation differently making some chemicals better at transmitting long distances than
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(A) (B) (C)




FIGURE 7.14: Experimental results of chemical ratio keying (ChRK) by using three different chemi-
cals: acetone, cyclopentane and n-hexane. The figures above show the signal strength with increas-
ing distance: (A) 0.5 m, (B) 1.0 m, (C) 2.0 m and (D) 4.0 m.
others. This effect can be seen in Figure 7.15a for their measured values and in Figure 7.15b
for their values relative to 0.5 m measurement.
As can be seen in Figure 7.15b, the chemicals experience different attenuation rates.
While Cyclopentane and Acetone experience similar attenuation, n-Hexane experiences higher
attenuation compared to the other two chemicals. This difference can be caused by the
unique parameters of the chemical species used for sending the pulse. In addition each chem-
ical achieves a different maximum amplitude which can also be caused by the ionisation of
samples, and their weight. The ratio of the two chemicals (Cyclopentane/Acetone) can be
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(A) (B)
FIGURE 7.15: Experimental ratio values from the ratio modulation study: (A) Signal amplitudes of
the three transmitted chemicals relative to distance. (B) Amplitude values of chemicals relative to
0.5 m signal current values.
observed in Figure 7.16a. Unlike the signal amplitude, the ratio value experiences less of
a change, making it a better option to transmit information over long distances. However,
the stability of the ratio value depends on the chosen chemical combinations. As can be
seen from the Figure 7.16a and 7.16b, some combinations can produce ratios that are main-
tained over distance whereas some ratios, seen in Figure 7.16b, are not suitable for ratio
modulation usage.
(A) (B)
FIGURE 7.16: Experimental ratio values from the ratio modulation study: (A) cyclopentane/acetone,
(B) acetone/n-hexane.
7.7 Conclusion
In this chapter, an experimental and analytical study was done on the possibility of trans-
mitting multiple chemicals at the same time. To achieve this, an odour gas generator was
used to generate and transmit chemicals. For detector, a quadrupole mass spectrometer
was utilised as a detector. The ability of the mass spectrometer, to distinguish and analyse
multiple chemicals concurrently, makes the MS an invaluable tool for multi-molecular com-
munications. To mathematically validate the experiments, 3D Advection-Diffusion Equation
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is used. Experimentally a multi-chemical transmission was done and shown to have strong
agreement with mathematical model developed in this study. Experimentally the noise of
the multi-chemical system was analysed and shown to behave as an Additive White Gaus-
sian Noise with distinct values for the mean and variance for each chemical. Based on the
mathematical model, a molecular version of QAM is developed in this study for macro-scale
molecular communication and its properties are analysed. This chapter also proposed and
experimented two types of molecular communication for use in macro-scale ratio modula-
tion and phase shift keying. These modulation methods and the use of multiple chemical
show that it is possible to greatly increase the achievable mutual information rate of the
system which can create new application purposes for molecular communication and shows
that there is still a possibility of increasing the throughput of the communication.
Chapter 8
Summary and Future-Work
I n this thesis, an overview of macro-scale molecular communication was undertaken.Macro-scale molecular communication is described as an alternative branch of com-munication engineering, where the applications and the challenges greatly differ from
its micro-scale counterpart. Molecular communication at the macro-scale can be used for
infrastructure monitoring or communication in underwater or underground environments
where EM waves would prove inefficient due to environmental energy absorption.
In Chapter 2 a comprehensive review on the topic of molecular communication is done.
The review includes the concept of molecular communications. A detailed description of the
differences between macro and micro-scale communication is given. The information theory
of the communication is discussed and a brief section on information security is given. A de-
tailed analysis on different types of propagation used in modelling molecular communication
is shown for two types of propagation elements: diffusion and advection-diffusion. More-
over, a review on different types of modulation methods proposed and simulated for molec-
ular communications are compared with additional discussion on the ISI, error correction
and the receivers. Receiver for molecular communications, both experimental and theoreti-
cal are reviewed along with the experimental setups and proposed applications throughout
the literature. The review on the field concludes with the simulation platforms and the
standardisation efforts made for molecular communications
Throughout Chapter 2 it was shown that majority of the literature focuses on the theoret-
ical aspect of molecular communication with micro-scale being the considered range. There-
fore, two major gaps are identified in the literature: theoretical and experimental studies
of molecular communication at the macro-scale. Subsequent chapters focused on different
aspects of macro-scale molecular communication with experimental studies conducted to
validate the mathematical models developed in the thesis.
In Chapter 3 a detailed description of the experimental setup is given that is used in the
experiments conducted in Chapters 5, 6 and 7. To generate chemical pulses based on the
digital information and transmit them into the transmission medium, an odour generator
(OG) was utilised and and evaporation chamber (EC) was used to transmit the signal chem-
icals into the odour generator. The properties of the chemicals used in the thesis are given
which are: acetone, methyl alcohol, cyclopentane and n-hexane. To detect the transmitted
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chemicals, a membrane inlet mass spectrometer (MIMS) with a quadrupole mass analyser
(QMA) was used. One of the defining features of the MIMS is its use of a membrane to
separate chemicals at the inlet which is discussed in this chapter. The chapter concludes
with detailed information regarding the operational use and the theoretical aspects of the
detector.
In Chapter 4 the mathematical model that is used throughout the thesis is described. The
model is based on the advection-diffusion equation (ADE). The developed model is used in
describing and understanding the macro-molecular propagation and the particles interac-
tion with the membrane. The model is developed for two environments: Open boundary
(Cartesian coordinates) and cylindrical boundary (cylindrical coordinates). In open bound-
ary a decay (λD) is implemented to simulate the effect of decay and in closed boundary,
method of mirror images is used to simulate the boundary in a pipe. Due to the effect of the
boundary, the diffusion is calculated based on Taylor-Aris dispersion which the derivation
can be seen in Appendix B. Based on the equation, a simulation model was developed and
given in detail for both aforementioned environments.
In Chapter 5, the parameter analysis of molecular communication in macro-scale is
experimented and studied. The parameters in question are: environmental noise, signal
flow, carrier flow, bit duration, open-distance transmission and closed-distance transmis-
sion. These aforementioned particles were analysed based on their signal amplitude, signal
energy, signal-to-noise and signal shape. The noise present in the communication is analysed
and modelled as additive white Gaussian noise (AWGN) present at the detector. The math-
ematical model derived in Chapter 4 is used to describe and predict the behaviour of the
parameters. It was shown that the model accurately predicts the parameters behaviour and
its signal shapes.
In Chapter 6, modulation methods on macro-scale molecular communications is studied.
MC -ary modulation of levels 2, 4, 8 and symbol periods of 30s, 60s, 90s were investigated.
An experimental transmission of a chemical message (“Call me Ishmael”) is conducted. To
better understand the effect of leftover chemicals on the background noise (Mo-ISI) trans-
missions were investigated. All the aforementioned experiments were additionally analysed
by the theoretical model developed in Chapter 4. Based on the empirical evidence gathered
a model was developed to predict the residual background signal after a transmission is ter-
minated and additional calculations were done on the optimal symbol period of a chemical
pulse. Experimental investigations were carried out on the SER performance of the com-
munication and the channel behaviour is defined as a Binary Asymmetric Channel (BAC).
Based on the channel definition and the model, theoretical calculations were initiated for
channel capacity and SER performance for the following parameters: symbol duration, co-
efficient of diffusion, transmission distance and advective flow. The chapter concludes with
a theoretical study on the bit distribution on the four aforementioned parameters.
In Chapter 7, to improve the throughput of the communication, multiple chemicals were
employed and experimented. A proof-of-concept transmission of multiple chemical was in-
vestigated. The environmental noise characteristics of multiple-chemical transmission was
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also undertaken and was shown to demonstrate Gaussian behaviour with different mean
and variance for each chemical. Three types of modulation methods were then developed.
The first one is based on quadrature amplitude modulation (QAM) named molecular-QAM
(MQAM). Theoretical analysis were done on the channel capacity and the SER performance
with additional analysis on the scattering distributions. The second modulation method is
based on the relative time different between distinguishable chemical signals and an exper-
imental transmission was conducted based on this proposed modulation method. A Final
modulation method was experimented based on the ratios of the propagating chemicals and
was shown to be possible for use in long range molecular communications.
8.1 Future Research Directions
The field of molecular communication in the macro-scale is still in its infancy in regards to
its understanding and its exploitation. Based on the research done in this thesis there are a
few areas in which the work presented here can be carried out.
8.1.1 Different Receivers
In Chapter 3 the MS with a membrane inlet (MIMS) was used as the receiver. MS are an
industry standard in detecting and quantifying chemical species. However, the response rate
of the sensor can be better. Therefore, alternative chemical sensor can be employed that can
be better choice for fast-transmission molecular communication.
In Chapter 2 alternative sensors for macro-scale molecular communication were dis-
cussed. One of these being electronics noses. These machines, intended to detect odours or
flavours, can be used as a detector for the communication. However, to decrease the cost of
the setup, cheaper alternatives can be sought after, for example Tin-Oxide (SnO2) sensors.
The behaviour of these sensors in the macro-scale are yet to be fully understood and further
studies can show the optimal cost-effective use of these sensors for different environments.
Additional future-work can be focused on designing a molecular antenna to detect the
direction in which the message is coming and if possible, triangulate the source of the trans-
mission.
8.1.2 Turbulent Environments
In Chapter 4 a mathematical description of a molecular communication in macro-scale in
isotropic environment was developed. In future, the mathematical model can be defined for
describing the environments where turbulence (Re > 4000) plays a prominent role. Turbu-
lence is defined as a fluid motion with chaotic changes in pressure and flow velocity and is
encountered in everyday phenomena such as fast flowing rivers, smokes from a chimney and
majority of the fluid flows occurring in nature. The complex motion of the fluid with rapid
changes in its properties make it a challenge to understand and still is an unsolved problem
in physics.
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Since the majority of fluid flow in nature happens on Re > 4000, an understanding of
this motion would open new possibilities of implementing macro-scale molecular communi-
cation to already existing propagation methods.
8.1.3 Complex Geometries
In Chapter 5 the parameters of macro-scale molecular communications were analysed. The
closed distance transmission was experimented and mathematically modelled. However,
only a straight cylindrical geometry (i.e., pipe) was considered. Geometries that have cur-
vature would increase the complexity of the solution and analytical solutions to these geome-
tries may not exist and only approximations can be made. Different types of methods can
be used to achieve this, such as asymptotic analysis or centre manifold theorem. Derivation
of these complex geometries may open up macro-molecular communication to new applica-
tions such as drug-delivery for in-vivo systems or molecular communication in riverbeds.
8.1.4 Secure Chemical Communications
In Chapter 7 communication throughput was shown to be able to be increased by the use of
multiple chemical propagation. The prospect opens up new possibilities for implementing
known technologies (i.e., security) to be implemented.
8.1.5 Novel Modulation Methods
In Chapter 7 it was shown that novel modulation methods can be developed that have the
potential to increase the communication throughput or its reliability. Future-work on this
topic is to analyse other modulation methods that also exploit multiple chemical transmis-
sion. One approach is the optimisation of the ratio modulation discussed in Chapter 7. While
it was shown that it is possible to send chemicals with their ratios staying relatively stable,
the choice of the chemicals that are capable of accomplishing this task needs to be chosen
carefully. Understanding the chemicals properties may yield better combinations which may
increase the range and the throughput of the modulation scheme.
Appendix A
Derivation of the Thin-Film Solution
The diffusion equation is a linear one, and a solution can, therefore, be obtained by adding
several other solutions. An elementary solution ("building block") that is particularly useful
is the solution to an instantaneous, localised release in an infinite domain initially free of
the substance.
Mathematically, the problem is stated as follows:
• Environment domain is assumed infite (−∞< x <∞)
• Diffusion is assumed to be constant (∂ D/∂ t = 0)
• Localised release (c (x , t0) = M0δ(x))
Since the substance will take an infinite time to reach the infinitely far ends of the do-
main, the following limits are imposed.
lim
x→+∞
c(x , t) = lim
x→−∞
c(x , t) = 0. (A.1)
In the above, M0 is the total mass of the substance released per unit cross-sectional
area, and δ(x) is the Dirac function. Physically, the behaviour as displayed in Figure A.1
is anticipated. The pollutant patch gradually spreads on both sides of the release location,
with a commensurate decrease in the maximum center value. Curves at later times appear
similar to those at earlier times, only being flatter and wider. Anticipating such similarity in
the solution, the following equation and the transform parameter is written;




where t−αD represents the decay of the maximum concentration value attained at x = 0.
Since decay has to decrease the concentration αD parameter is a positive value (αD ≥ 0).
F(γ) is the shape factor of the solution, to give similar curve profile given in Figure A.1.
The exponent present in the distance (x2) is chosen to represent the second order deriva-
tive of the diffusion PDE. The same rule applies to the t parameter present in the F(γ). The
D factor is the make the function dimensionless. The factor 4 is introduced to simplify the
mathematical process of derivation.
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Concentration shortly after release
As time passes the maximum 
concentration decreases
Long time after the initial 
release
𝑐(𝑥0, 𝑡0)
Area under the curve gives






𝑐 𝑥, 𝑡 𝑑𝑥 = 𝑀0
FIGURE A.1: Diffusion process in time of a localized mass injection. As the mass concentration
distributes along the x-axis, the area under the curve is preserved
By introducing the proposed solution in Eq. (A.2) to the PDE shown in Eq. (2.11a).
∂ c
∂ t
















































After deriving the new element, substitution of ∂ c/∂ t and ∂ 2c/∂ x2 in the diffusion
equation yields:












The time factors cancel out due to the definition of γ, and the partial-differential equation


















To decrease the complexity of the solution and thereby making the group in the paren-
thesis identical, αD is chosen as 0.5.
∂ F
∂ γ
+ F(γ) = 0, (A.6)
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which the solution is,
F(γ) = G exp (−γ), (A.7)
where G is an arbitrary constant of integration. By putting Eq. (A.2) to Eq. (A.7) the solution
can be written as;











While the initial boundary condition are met with this equation, the G needs to be de-
fined. This can be achieved by imposing a conservation of mass to the equation.
∫ +∞
−∞
c(x , t) d x =
∫ +∞
−∞
c(x , t0) d x = M0. (A.9)





The solution can be finally written as;












Derivation of the Taylor-Aris
Dispersion
It is considered that the flow inside a straight cylindrical pipe is steady, driven by a constant


















r u dr. (B.2)
In these equations u denotes the average quantity of the velocity flowing through the
pipe. If it is assumed that an axisymmetric distribution of material c(r, z, t) is released into






















Since no particle can leave the system, the boundary conditions are must satisfy ∂ c/∂ r =
0 at r = R. By separating c using Reynold’s decomposition method,c is separated into its
cross-sectional average and r variable parts.








since the average of deviation is zero (c′ = 0) the equation can be written as:
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Taking the cross-sectional average of Eq. (B.6) yields the following simplification taking













The the mean concentration c depends on the average advection of the r-varying part
of c (i.e., c′(r, z, t)), which is calculated by subtracting Eq. (B.7) from Eq. (B.6) reveals the













Based on this equation, an approximation is made whereby after a time of in the order
t = R2/Dm the radial diffusion to have almost smoothed out variation in the r-axis. Thus




, it is expected for c c′. In addition, the gradients in the r-direction are


































As shown in the Reynold’s decomposition of c in Eq. (B.4), c is independent from r, so



















ru′dr = 0, (B.12)



















Equation (4) requires the term u(r)∂ c′/∂ z, which is



































FIGURE C.1: (A), (B)Experimental setup for long distance transmission. (C) Experimental setup for
short distance transmission.
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FIGURE C.2: (A) The odour generator with three evaporation chambers and mass flow controllers
attached. (B) A close-up of the evaporation chambers connected to the odour generator. (C) A
close-up of the mass flow controllers connected to evaporation chambers. (D) An odour generator
with a single evaporation chamber and mass flow controller attached.




FIGURE C.3: (A) Evaporation chamber. (B) Evaporation chamber disassembled. (C) Evaporation
chamber from a different angle. (D) Evaporation chamber disassembled from a different angle.

Appendix D
























d − 2xdux TOSP + u
2
x TOSP . (D.3)
Sides of the equation are switched.
x2d − 2xdux TOSP + u
2
x TOSP = 4Dx TOSP n
2
x , (D.4)
Substracting 4Dx TOSP n
2
x from both sides,
x2d − 2xdux TOSP + u
2
x TOSP − 4Dx TOSP n
2
x = 4Dx TOSP n
2












d = 0, (D.6)
The above equation is in the form of ax2+ bx+ c = 0 and therefore the solution to these







For a = u2x , b = −2xdux − 4Dx n
2
x and c = x
2
d the solution becomes;
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The following steps are simplifications for the aforementioned equation.
T1Dmax ,min =
2xdux + 4Dx n2x ±
r
 
−2xdux − 4Dx n2x

























The equation is simplified;
T1Dmax ,min =
2xdux + 4Dx n2x ±
q





16n2x is taken out of the squareroot.
T1Dmax ,min =
2xdux + 4Dx n2x ± 4nx
Æ




xdux + 2Dx n2x ± 2nx
Æ
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